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SUMMARY

This report presenis a c0n0i3e8wrveyof the meawre-
ment of air speed and ground epud on board aircraft.
S’peoial attention h paid to the Pitot-static air-e-peed
tier which is -thestandardin tha United Staitxfor air-
p?.anee. Air-speed nwier8 of the rotaii~ uaw type are
al.eodi8cus8edin con&ierable detui-1on accouni qf tlwi.r
Vdll%(WJ$i@ t88ti71.StW& a71.6?(Z8881ViGe i7WtlW?W71#S

for air8hips. Metho& of groun&epwd mea.eurem.ed
are treahi bi.ejy, with referen.m to tlu more importuni
in8trwmenis. A biblwgraphy on air-epeed meimure-
ment COW%Kik8the re$ort.

INTRODUCTION .
PREFATOEY NOTE

In 1922 the National Advisory Committee for Aero-
nautic issued Report No. 127, Aircraft Speed Instru-
ment, by F. L. Hunt and H. O. Stesxns. The rapid
progress of aviation, both military and civil, since
that time has brought about so many changes in the
technique of measuring the apeed of aircraft, particu-
larly the speed with reference to the air, that the report
is now largely of historical value only. The evident
need for another presentation has remittedin this new
report which was prepared at the aeronautic instru-
ments section of the Bureau of Standards under a
research authorization and with the financial support
of the National Advisory Committee for Aeronautics.

The primary purpose of the report is to present in
concise form a complete summary of the art of measur-
ing the speed of an aircraft, both with reference to the
air and with reference to the ground. To this end,
data now widely scattered in various publications,
many of which are not easily obtainable, are brought
together, and available new material is included in so
far as possible. Although attention is devoted
chiefly to &nericrm instruments and methods, fre-
quent references to foreign practice have been required
in order to cover the subject.

The speed of the aircraft with reference to the air
is designated simply the air speed; the speed relative
to the ground, the ground speed. The ground speed
can be obtained from the air speed by applying a cor-
rection for the wind veloc.i~, if the wind velocity is
lmown.

The major portion of the report is devoted to air-
speed measurement, and in particular, to the Pitot-
static type of instrument. Owing to the inherent
diflicultica involved, ground-speed measurement is
still in a very incomplete stage of development. Con-
sequently, only a brief resum6 of this subject is given.

Previous publications have been kely consulted
and aclmowledgment is made in most instances to
the source publications listed in the bibliography.
Much material was made available through the cour-
tesy of the Bureau of Aeronautics of the Navy De-
partment and of various instrument manufacturers.

The appended bibliography does not pretend to be
exhaustive. Nevertheless, it is believed that the list
is complete enough h be of great service to anyone
who may desire to study the subject in detail.

HISTORICAL OUTLINE

The development of air-speed indicatera has closely
followed progreea in heavier-than-air flying. On tho
first flight, Orville Wright carried a Richard anemom-
eter, primarily, it is true, to measure the air distance
flown, in order to furnish data required for checking
propeller computations. Speed was determined horn
the anemometer reading and the time of flight meas-
ured by a stop watoh. Toward the end of the fit
decade of mechmical flight, various forms of instru-
ments began to appear. Some of these were haxdly
more than staJlingindicatera, consisting of a pressure
plata deflecting against a spring. The scale was
merely a red mark indicating the proper speed of -
flight. In England the Pita&static tube with a liquid
manometer as indioatir, in Germany the Robinson
cup anemometer driving a centrifuged tachometer as
an indicator, and in France and Italy the pressure-
plate indicatim all appemed several yeara before the
outbreak of the World War. The Britishj who have
consistently adhered to the Pit-et-static type, soon dis-
carded the liquid manometer indicator and introduced
mechanical pressure gaugea with nonmetallic dia-
phragms of rubber or oiled silk in order to obtain the
necessary sensitivity. The French and Germans
attacked the problem in another way. With single
and double Venturi tubes they were able to obtain .
higher differential pressures and hence had no difE-
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culty in using metallic diaphragms. The PitOt-
Vent@ oi the type largely developed by Zahm,
was favored in the United States.

Since 1922, when Report No. 127 was tied, there
have been a number of outstanding changea in the
methods of measuring air speed. The disappearance
of the huge war stocks, the results of rcaearch con-
ducted during and after the war, and commercial com-
petition, stimulated by increasingly rigid specifications
by the Army and Nan-g air services, have brought
rapid advances.

A major change has been the virtual abandonment
of the use, in the United Stm% at least, of the Ven-
turi head in all its forma and the acceptance in its
place of the Pit&static hind. A number of factors
have contributed to this change. Most important,
it was shown toward the end of the World War that
the Venturi was not satisfactory at low speeds. The
need for close tolerances in the manufacture of Ven-
turi heads in order to obtain tubes with the same cali-
bration charactmistica has been a great disadvantage
in comparison with the Pitotwtatic tube. Another
factor in the elimination of the Venturi has been the
improvement of metallic diaphragm indicators so that
the measurement of the lower differential pressures
delivered by the Pitot-static head k-no longer a serious
problem.

The calibration and the computation of altitude
corrections for ditlerential pressure instruments have
been aihcted by the adoption in 1925 of a new stand-
ard atmosphere. A “standard atmosphere” is an
arbitrary altitnd~pres.sure-temperaturerelation which
is so chosen as to more or less correspond to the yearly
average of actual atmospheric conditions. The con-
stants of the standard atmosphere for zero altitude
are used in the calibration of air-speed indicatma (of
the common types), and the relation itself in camputing
“true” air speeds at other altitudes. Previous to
1925 the standard atmosphere used for calibrating
altimeters in the United States was based on the as-
sumption of an isothermal atmosphere at a temperature
of + 10° C. This was satisfactory for use at altitudes
of less than about 12,000 feet. In the new standard
atmosphere adopted in 1925 the atmospheric tempera-
ture is assumed to decrease linearly with altitude up to
the commencement of the isothermal layer at a tem-
perature of – 55° C. This relation has been found to
repre9ent very closely the average annual conditioti
for a latitude of 40° in the Uni@d States.

bother change, which affects the calibration of air-
speed indicators of the commonly used types, has been
necessit&ed by the increased speeds of airplanes.
As long as the speeds did not exceed 160 miles per hour
it was unnecessary to take into acccunt the compressi-
bili~ of the air. Much higher speeds are not nncorn-
mon at present and, acccmdingly,the adiabatic formula
for pressures of air caning to rest has been adopted.
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Other developments affecting ~dicators are of in-
terest. The first is the vertical-scale indicator designed
with a tiew to economizing space on the instrument
board. It ha: not met with much favor m regards
air-speed indicators. The second iE the adoption by
the United States Army and Navy of two new standard
dial and case sizes for all aircraft instruments. This
change, initiated by the Navy, has involved a reduc-
tion in the size of the case of the air-speed indicator
from 3% to 3% inches in diameter. The advantages
of uniformity and interchangeability of mountings are
obvious. Nonmetallic cases have also come into
general use.

TYPE9OF AIR-SPEED ME’I?ER9 AND THEIR USES

Aircraft air-speed ‘meters are, in general, composed
of two distinct parts—an operating element which is
exposed to the stream of air flowing past the aircraft,
and an indicating element which is mounted on the
instrument board. In certain cases where distant
indication is impracticable on account of the character-
istics of the operating element, both element and
indicator are built into one unit: Since the operating
element must neceasmily be mounted in an exposed
position, usually at some distance from the pilot’s
seat, such combined instruments operate under serious
disadvantages. Further the indicator must be very
carefully housed and protected from rain, ice, and
dust; and the scale must be kxrge and open so as to
be readily legible. Illumination for night flying is
complicated. Finally, the instrument is bound to
offer greater head resistance and introduce mounting
diflicuhies. Such instruments, therefore, are not in
common use at the present time although occasionally
employed for spetiil purposes.

Air-speed meters may be conveniently classified
according to the type of operating element, as follows:

1. Differential pressure.
(a) Pitot-static.
(6) venturi.
(c) Pitot-Venturi.

2. Mechanical.
(a) Rotating element.
(b) Deflecting element.

3. Thermal (hot-wire).
For the pm-posesof this report, the above claasiiication
will be followed.

In the first @e of instrument, which is most com-
monly used in aircraft, the differential pressurw pro-
duced by the airstream in tubes of special forms,
called pressure heads or nozzles, furnish a means for
dekmining air speed. The pressures produced are
measured by sensitive gauges calibrated in speed
units. The second type comprises instruments with
rotating fans or windmills of various forms, the speed of
rotation giving a measure of air speed; and instru-
ments in which the impact pressure of the moving air
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causes an element to deflect against arestraining spring,
the amount of deflection being a function of the air
speed. In the third type, the heat loss from a hot wire
placed in the air stream furnishes a measure of the
air speed.

It is often convenient to classify air-speed meters
according to the effect of variations of the air densi@-
on the operating element. The mechanical type of
instrument with a rotating element is the only type
which is unaffected by air density, and that only when
the element rotates with a neghgible resisting torque.
The indication corrected for instrumental errors is
known as the true air speed. Vane and cup anemom-
eters with very little friction are examples. The
indications of other Q_pesgiven above are affected by
the air density, including instruments with a rotating
element which rotates against considerable torque,
bridled anemometers, pressure-plate instruments, and
the thermal types.

The instruments umdlected by the air density are of
especiaJvalue for flight testing, for navigation, and for
use in airships. The instruments afhctid by the air
dmsity, especially the commonly used diilerential
pressure type, are of particular value on airplanes.
The indication of the instruments of the latter tgpe
in which the diilerential pressures are proportional to
the product of the air density and the square of the air
speed, at least within certain limits, is frequently called
the “indicated speed.” It so happens that the forces
supporting an airplanein flight are also functions of the
same quantity and hence the indicated speed is of
unique value for airplanes. The stalling speed, for
example, is alwaya given by the same vahe of the indi-
cated speed regardless-of the altitude of flight.

The aircraft air-speed meter may be used as a
service instrument to indicate the speed of flight, as
one of the teding instruments for evaluating the
perforrmu.wecharactifitica of aircraft, or as a navi-
gating instrument. The most suitable type depends
not only on the purpose for which data on air speed
are desired but also to some extent on the type of
aircraft on which it is to be used.

In service use on airplanes the chief function of the
air-speed meter is to assist the pilot in securing the
desiredperformance of his airplane,whether it be msxi-
mum speed, most economical speed, or speed for grea&
@ duration of flight. Also, in connection with other
instruments, it helps the pilot to maintain level flight
under unfavorable weather conditions or at night, and
warns him of any dangerous loss of speed which mi@t
result in a stall or of excessive speeds in diving which
might overatress the airplane. The differential pres-
sure type is ideally suited for thisfunction.

The importance of accurate measurement of the air
speed in flight testing is obvious. Here the true air
speed is dai.red. On account of its otherwise desirable
characteristics the Pitot-static @e is most frequently

used, although density corrections are required for
mduating the true speed. Air logs (vane-&pe ane-
mometers) giving true air distance, and with the aid of
w stop watch true air speed, offer many advantages,
particularlywhen slow speeds, as those in the neighbor-
hood of the stalling speed, are to be measured.

For navigation true air speed is required in order to
Jetermine m“nd speed and hence ground speed. Air
logs are a useful aid to dead reckoning in Iong-distmce
Eights.

On airshipsa true &speed indicator is the most suib
~blefor allpurposes. On account of interference effects
inthe neighborhood of the airship, a suspended operat-
ing element is very desirable.

!.

DIl?l?EXEIWIKCPRESSUREAIR-SPEED ld31T13M

OPERATINGRLRMENTS
A.GENERAL THEORY OF PRESSURE HEADS

Certain generil conclusions regarding the perform-
ance of pressure heads of any ty-pe may be conven-
iently derived by the method of dimensional analysis.
(Reference 61.) It is asm.mmdthattheaxisoft he.
pressure head is in the line of the air flow. It can
be ahown that the difbrential pressure is given by the
following equation:

( P ‘m)P–PO-KPV2.4 ‘~ E
-,

(1)

where
p-total pressure.

pfltatic pressure.
P ‘P~h:::tid prc=u.re developed by the

Z&dimensionless constant depending on
the form of the preewre head.

p-air density.
V—air speed.
pair viscosi~.
E-modulus of compressibility of air.
Aharactwistic linear dimension of the

pressure head, e. g., the throat diam-
eter of a Venturi tube.

~ functional symbol.

For an ideal gas,
, E=wO

where Y ti the ratio of the MO sptic heats of the gas.

Also, ‘rPO-~%
P

where a= speed of so~d in the undisturbed medi&.
Hence, equation (1) may also be written in either of the
following two equivalent forms, amuming the airto
have the properties of an ideal gas.

==KPV2+(%%)“

==KJ’’”’(%’($D
(la)

(lb)
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Equation (1) states that the differential pressure is
proportional to the product of the air density and the
square of the speed, and that the factor of propor-
tionality (K) depends on the geometrical shape of the
P~ head. It is evident, also, that an instrument
of thk type will read true air speed only for the one
particuhx density p which is adopted for calibrating
the indicator. Hence, the readings will vary with air
density and thus with altitude.

Further, the equation states that the differential
DVP

()
pressure is some function @ of the variables —

and
(P)-%” The form of the function # is not g&en

by the dimensional analysis and must be determined
either horn theoretical considerations, or if this is
not possible, by experiment.

The quantity
DVP .
— IScalled the Reynolds Number.

Since the air vis[osity p enters the equation only
through this factor, it may also be called the viscosity
factor. Also, the absolute size of the pr~e head,
aa speciilad by the linear dimension D, enters only
through this factor so that it gives a measure of the
scale effect. An examination shows that its effect on
the di.ilerential pressures developed is nil if changes
in either the air viscosity or the absolute size of the
head for geometrically similar pressure heada do not
ailect the differential pressure for a given air density
and air speed. Thus a viscosity effect and a scale
eflect are always associated and if changes in viscosity
do not influence the differential pressure, then nothing
which enters only in the Reynolds Number can have
any effect and it may be omitted from the equation.
In this case, equations (l), (la), and (lb) become

(P)p–po”Kpv”# +

(P)p–po=KpPIL ~

()P–Po=KPF”# : ‘

(2)

(2a)

(2b)

()The quantity p%, or its equivalents ~ and ~
2

may be termed the compressibility factor because the
air compressibility appeam here only. - If the effect of
the impressibility can be neglected, then the equa-
tions reduce to the familiar simple form

p–pO=KpV (3)

In the left-hand members of equations (1) to (3), the
tital pressurehead p, represents the pressuredeveloped
in a devica such as a Pitot or a Venturi tube placed
in a moving stream of air. This pr~e is We
algebraic sum of the static or barometric pressureof the
undisturbed air and a pressure which is developed
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only as a result of the relative motion of the air and
the tube. Since it is the second of these presaurea
only which is a function of the air speed, it is necessmy
to measure the static head independently in order to
evaluate the difference. This is the purpose of the
static tube.

In the case of a combined Pitot and Venturi, the
expression (p –pO) becomes (P+ ~) – (5’+po) =P - S
where p. is the static pressure, P the impact pressure or
velocity pressure in the Pitot tube, and L’Sthe differ-
ential pressure (suctiori) of the Venturi. Since the
Venturi tube produces a suction, S is less than the
static pressure, and it is evident that the combined
Pito&Venturi head produces a greater differential
pressure than can be obtained by either tube used with
a static head.

R PITOT TUBES

THEORYOFmm PITOTTUBII

(a) The pressure developed,—Neglecting the air-
viscositg term and making certain assumptiorp as to
the nature of the air flow, Buckingham (reference 32)
haa derived for the Pitot tube the relation

which may be written in the form

[1 (7–o Pv%3_1
p–Po=Po 1+ Zypo 11 (4)

The symbols axe defined in the preceding section.
The validity of neglecting the tiect of viscosity on
heads intended for use on aircraft has been verified by
experiments (reference 63) which show that the vis-
cosity effect is inappreciable except for very small
tubes (km than 0.01 inch in diameter) at very low
speeds. The inclusion of the compressibility factor,
however, has been justhied experimentally. (Refer-
ence 46.) The formula is, therefore, applicable to the
Pitot tubes of aircraft air-speed meters. For speeds
greater than the speed of sound, the formula does not
hold.

If the right hand member of equation (4) is expanded
by the binomial theorem, the equation becomes

[
p–po~~p’v 1+%+ ● “ “1 (4a)

which is of the same form aa equation (2a) if we put

(%0=[%%+”””1
The factor in brackets may therefore bb regarded as n
correction factor which takes into account the effect of
b compressibility. Computation will show that the
correction amounts to less than 1 per cent for speeds
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less than about 150 miles per hour, so that with this
restriction we may use the simple formula

p–po=j.fpv (3)

In aeronautics the quantitg %pVais generaJIycalled the
impact or velocity pressure rather than the diilerentinl
pressure given by formula (4).

(b) calibration formulas,-lh 1925 the Air Services
of the United Statea Army and Navy adopted the
adiabatic formula (4) for c.dibration of air-speedmetem.
As the indicator can be calibrated to be accurate at
but one air density p and static pressure po Which can
be arbitrarily selected, the sea-level vrdueatied by the
standard atmosphere are used. These and other con-
stants of the standard atmosphere are given in Table I.
(See reference 17.) The subscript (s) will be used to
denote standard sea-level valuea and the subscript (i)
to denote indicated values. Then h-cm (4)

P-P*=Ps l+(’;~:vqfi-l] (5)[1

or, if we put

–lp,~-l’
27p* and 7=1.40

P–TS=P,[(l+F Viq~~–1] “ (5a)

In this equation the quantity F V? is dimensions
so that the numerical value of the factor F depends on
the units in which the speeds Vi are to be expressed.
The units of the differential preaswre @ –p,) depend
only on the units adopted for pt. Values of F and of
p, are given in Tablea II and ItJ.. (See reference 57.)

From the data given above the differential pressures
expressed in terms of inches and centimeters of water
corresponding to air speeds expressed in miles per
hour, knots, and kilometem per hour have been
computed. These are given respectively in Tables
IV, V and VI in the columns headed “Adiabatic.”
These tables, presented at the end of this report, give
pressure valuea for small intervals of speed for a con-
siderably higher range than any previously published.

TABLE I

CONSTANTSOF THE STANDARD ATMOSPHERE

Standardpresmre----------
Standardtemperature------
Standardabsoluta temperat-

ure,
Standard.g-ravity--------
Standardspeoiiioweight~----
Standarddensity-----------
Standardtemperaturegradi-

ent.

760mm=29.921in. of mercury.
15°C-59° F.
288°C=618.4° F.

9.80665n@=32.1740 ft./sec.l
1.225fikg/ma=O.07651lb./ftJ
0.12497=0.002378
0.0066°C/m=0.003566°F./ft.

CONVERSIONFACTORS

1meter=39.3700in.=3.280833ft.
1 k@ram=2.204622 lb.

TABLE II

NUMERICAL VALUES OF THE FACTOR F FOR AIR
SPEEDS V EXPRESSEDIN VARIOUSUNITS

Air speed Vexpressedin: Nnnmrfmd value of F
~ea PWhow------------------------ fl 345259x104
fioti -------------------------------- a 457884X104
IGlometeraperhour------------ ~------ 0. 133313X10+
Feetpersecond----------------------- O.160513x1O+
Metemperwand --------------------- 1.727735X1O+

TABLE III
VALUESOF STANDARD STATIC PRESSUREp,

Differentiipressure
ValnmofStmdard

p—p. exprwed in: -m-@=m9*
Irmhmof waterat 16°C----------------- 407.2
Cmof waterat 15° C-----_--------------- 1,034.3
Inohesof merouryat 0° C----------------- 29.9212
Mmof mercuryat 0° C------------------- 76CL000
PoundsperSq.b------------------------- 14.696
Gramspersq. m------------------------- 1,033.23

The values have been<check@ against several other
tables, particularly those of Zahm (reference 66), and
Zahm and Lowden (reference 67), as far as these es-
tended, and by the method of second-order differences.

For reference, the valuea of the differential pressure
have also been computed from the relation

P–P.=:PIV= (3a)

in which p —p. is the differential pressure, p, the stand-
ard density (given in Table I), V the @wd and K a
constant depending only on the units chosen for p,, V,
and p–p,. The values are given at the end of this
report in Tablea IV, V, and VI in the columns headed.
“Incompressible.” The values of $Kp, are given in

Table VII for V and p –p, in various units.
(c) DensiU effect,-For densities and pressures diff-

ering from the standard sea-level values, the indicated
air speed will obviously not be the true air speed. If
we substitute the actual values of the density, pressure,
and the differential pressure in equation (4) the true
air speed may be computed. To determine the differ-
ential pressure from the indicated air speed which is
observed, formula (5a) may be used or convenient
tables such as Tablw IV to VI. However, for practical
purposes a much simplar method may be adopted.

TABLE WC
NUMERICALVALUESOF THE FACTOR&p, IN THE

FORMULA(3a) IN VARIOUSUNITS

Afrspedvexprewdh+ I DMkenM I Kfi
mQr&3T ‘-” T

MM M hour------------
Do.-. -–.-–.---.-–.–
Do---------------

‘%%!-!::::::::::::1
Knot9..—--.-.--–––. _-–

Do----------------
Kilome@a m boor--------

Do_––__– _________
Me.teraw .mmnd _________

rnohmofwake_-–—.—— LW207Xlfl+
C4ntlnlatmOfwotlm ------- 124S9 X1O+
Oentfn.letan01 lms4sx1@
Inob of water_ %’5 Xlficm~ ofWat( mu Xl)+
InchfsI assX1O+

i

pm-unY----- .91
-——— —-.. !2Z
m————------ hm

Ofmmer—-— ----- @.6!
Iommmrs Ofwater_–– 1.%670XII+

UN?IMOfw’e&T_— _____ L9W0 XII)+
cm~ of w!a3r------- 4.= Ho+

---do_.—–-_––.–– 62644 XU3+
I 1
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In equation (4a) the terms of the &riea after the
&t are quite small within the present ramge of air-
craft speeds. Consequently, the part of the densi~
correction derived from these terms may be regarded
as a small quantity of the second order which can be
neglected. The correction, therefore, may be com-
puted for the &t term only; that is, we may use
equation (3).

For standard conditions, equation (3) becomes

P–Pa-; PaW (6)

Under conditions other than standard, say at an
altitude H, we have

p ‘%= ;pHvH2 (6a]

where V= is the true sir speed. If the diilerential
pressures of (6) and (6a) are equal,

1~p=v===$3*V;
or

(7)

The factor J ~~ is then the correction factor which
..-

ieducea indicatid to true air speed. knuning the air
density to be proportional to the static (barometric)
pressure and inversely proportional to the absolute
temperature, then

where T= absolute temperature. Equation (7) be-
come9

(7a)

The errors resulting from the use of the correction
factor C in equation (7a) in place of equation (4)
are very small, exeept for high speeds and for high

‘ altitudes ~OW densities). At 250 rnik pm hour with
an altitude of 30,000 feet the error is approximately 1
per cent. At 300 rc.ileaper hour the error is about 1
per cent at 17,000 feet, and about 1.6 per cent at 30,000
feet. These altitudes are given in terms of the stand-
ard atmosphere.

A chart giving the correction factor C for various
values of the air pressure pH ~d & temperature T=
is given in Figure 1. The diagonal lines give the value
of the correction factor. A somewhat similar chart
h given as Figure 19 in reference 62 in which the cor-
rection factors diifer slightly nom those in Figure 1,
owing to the adoption of a new standard atmosphere
since its publication. To W? the chart, entm on

the left with the air pressure and from the bottom
with the air temperature. At the intersection of these
ordinai%sfollow the diagonal thus determined upward
and to the edge of the chart where the correction
factor can be rend. The indicated air speed (corrected
for scale errors if necessary) multiplied by this faotor
gives the true air speed. For example, given rm air
press~e of 560 mm of mercury, an air temperature of
– 12° C., and an indicated air speed of 180 knots, to
find the true air speed. The given air pressure and air
temperature are found to detamninean intersection on
the chart very close to a diagonal which is read on the
right edge as correction factor 1.11. The true air
speed is 1.11X 180 or 200 lmots.

The chart given in Figure 2 diifem only in that the
ordinate is in terms of the standard altitude instead of
air pressure. It is convenient to use when an alti-
metar is used to determine the air pressure, avoiding
the necessity of converting from standard altitude to
air pressure. In addition to correcting the altimeter
for scale error, it is necessary that the dial of the in-
strument be adjusted at the time of take-off to rend the
altitude corresponding to the atmospheric premure,
For many instrument now available this adjustment
is made by setting the dial so that its zero corresponds
to the iixqd reference mark provided for the purpose.
This adjustment, or an equivalent but 10SSconveniently
made correction, ia essentialin order to have the indi-
cation correspond to the pressure in the standard at-
mosphere. The procedure of using this chart is similar
to that given for Figure 1. Thus, aasume as before, a
standard altitude of 8,200 feet (corresponding to 660
mm of mercury), an air tamperaturq of —12° C,, and
an indicated air speed of 180 knots, to find the true
air speed. Entering the chart on the left with the
altitude and from the bottom with the temperature
gives an intersection about midway between two
diagonals marked 1.10 and 1.12 on the right. As
before, the true air speed is 1.11X 180 or 200 knots.

Another correction chart which is given in Figure 3
is a graphical representation of equation (7). The
relation between indicated air speed and air density
k given iu the chart for true air speeds in the range
Erom40 to 300 miles per hour in steps of 10 miles.
l%e abscisaas are also given in terms of the altitude
corresponding to the air density in the standard atmos-
phere and for convenience the abscisaa scale is evenly
iivided in altitude units. The standard values of the
ii.fferential pressure corresponding to the indicated
W speed are presented in the chart as an auxiliary
dinata. The chart can be used to determine true
ti speed (a) if the air density and indicated air speed
we lmown and (6) if the altitude in the standard atmos-
?here”andindicated airspeed are known. h the latter
xwe the chart gives correct results only if the tempera-
nrreof the air at the standard altitude does not differ
kom the standard temperature. The true air speed
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is in error about one-sixth of 1 per cent for each degree the indicated air speed as 160 miles per hour. This
centigrade deviation from the standard temperature. altitude and air speed intersect in the chart at a point
If an altimeter is used to determine the altitude it between two diagonals corresponding to 180 and 190
must be set in the mmner discussed in the preceding giving 189 miles per hour as the true air speed.
paragraph. If so set and if the altimeter has reason- It is seen also that the density corresponding to this
ably low scale errors (under 2 per cent), the error in altitude is 0.0548 pounds per cubic foot.

Airdwsi& ~~t per ctiicfooi
.Oiv .060 -m .030

the “true” air speed will remain of the same order of
magnitude as that due to air temperature.

To use the chart, enter at the left with the indicated
air speed, pass horizontally to the vertical repre-
senting the altitude or density, and then follow the
diagonals i% the scale in the center of the chart
where the true air speed may be read off. As amex-
ample, take the standard altitude as 11,000 feet and

DEISIGNOF PITOT-STAmCPRmesum HmDs FOE
AmcRAFT

Many factcna must be considered in the design of
Pitot-static tubes for aircraft in order to obtain a
pressure head which will give satisfactory service.
.The relative importance of the factors will depend in
great measure on the purpose for which air speed is
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to be measured and whether it is to be measured on
airplane9or airships. .

The ideal pressure head shouId—

(a)

(b)

(c)

(4
(e)

(f)
b)

(h)

(i)

Be of a design which produces the theoretical
difference in.pressure.

Produce a pressure difkmnce large enough tz
be readily and aeourately measurable.

Be easily reproducible -without the necessi@
for individual calibrations.

Be insensitive to yaw or pitch.
Be insensitive to gusts; that is, indicate the

true average air speed.
Have lo-ivhead resistance.
Be easily mounted without i&erfering with

other equipment.
Be unaffected by atmospheric conditions,

dust, rain, etc.
Be suf6cientIy rugged %,-cwithstand the wear

and tam incident to serwice.

FIOUEE4.—DktrIbut!on of normal prtmmaalmatnbe hmd@fntoth8w$nd.
‘rhepresmre atany@ltL sp,thegt@opcumre
J4pv

%mdtihpactm=mmis

With obvious modifications in some of these require-
ments, the list applies to all type9 of operating ele-
ments for a&peed meters and furnishes a basis for
comparison in the selection of a type for any desired
conditions of service.

(a) Design to produce theoretical pressure,-The
ratio between the dMerent&l pressure actually pro-
duced by the tube, when mounted to align properly
with the air stream, and the theoretical d.iflemntial
pressure is called the constant of the Pitot-static pres-
sure head. It is desirable to have this constant equal
to unity, which is. practically equivalent to stating
that the static tube measures the true static pressure
as will appear later.

As previously stated, viscosity and s&le ef7eotshave
been shown h be negligible for Pitot tubes of practi-

cable dimensions within the range of aircraft speeds.
WMinwide limits the I?itot tube will accurately de-
velop the total head as given by theory regardless of
form or dimensions. That tubes of the sizescommonly
used develop the theoretical pressure in turbulent flow
is a faot baaed on the results of experience.

The situation with regard to the static tube is quite
diilerent. In order to accurately measure the static
pressure, wi opening in the tube is required at a point
where the air flow is undisturbed, and the opening
must be set so there is no component. of air motion
perpendicular to its plane. If a tube is set in an air
stream, parallel to the direction of flow, the distribu-
tion along the length of the tube of the pressurenormal
to its surface is of the nature ahown in Figure 4.
(References 50 and 55.) The abscissas are given in
terms of the tube diameter and are meaaured from the
forward tip of the tube; the ordinatw are the ratios of
the diilerence between the actual pressure p and the
static pressure pO of the air to the impact pressure
(% P W. At the tip of the tube the total pressure is
in excess ‘of the static by the full velocity pressure.
The pressure drops off very rapidly along the tube and
reaches a minimum about one-third of a diameter back
of the tip. Then it increams fairly rapidly at tit,
but more and more slowly until at about five or six
diameters back from the tip it ~ttains a nearly ccn-
x%nt value very slightly below the true static pressure,
The static holes, therefore, should be not less than five
m six diameters baok from the tip, for then the error
is very small, and as the pressure gradient is very
tlat, a slight error in plaoing the holes will have no
wppreoiableeffect.

If the tube is supported by a cylindrical stem, then
the increase in pressure upstream from the stem must
be taken into account. This pressure increase is ap-
proximately 1 per cent of the velooity head at 8 to 10
diametersupstream and decreasea to one-half of 1 per
wnt at about 15 diametera upstream. It is advan-
tageous, therefore, to make the distance between the
3tatic holes and a stem or any bend in the tube in
ZCeW of the above amount, although occasionally the
hcrease in pressureis used to counterbalance the small
mm referred to in the preceding paragraph.

The size and shape of the static holes are of great
mportance. Circular holes and short circumferential
dots, symmetrically placed around the tube, have been
~oundthe most satisfactory. The holes should be small
md the edges sharp and clean.

(b) Design to produoe adequate pressure differ-
mae.-At prwent there is no difficulty in securing
‘eliable and aoourate indicatcna which will operate on
he differential premurea of a Pit&static tube over
ihe usual range of airplane speeds. For speeds under
jOmiles an hour the pressure d.ilferenceis less than 1
nch of water and very sensitive ind.icatma are re-
pired. These have been produced recently and are
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now commercially available with indications down to
20 miles per hour.

(o) Reproducibility.-One of the chief advantages of
the Pitot-static pressure head is that it can be readily
duplicated so. that individual calibrations are not re-
quired. It is, therefore, suitable for use not only as a
primary standard but also as a general-service instru-
ment,

FIIWJEE6.—Efkt Ofyaw on @~ of Pit&atMotnk Tha In’fmnwcb
VdO@ h Pl, thO6t8tf0IIEsSOI’0% and thOfmP@ ~ % P~. ~ me

Sfsfortbestatlo xthecarve Pforthe P1tottn@ondthe cza’ve PSlsfora
mrnblnrdionof both

(d) Effeot of inclination.-hclination of the pressure
element to the direction of the wind streruneffects the
performance of both the Pitot tube and the static
tube. The effects are shown qualitatively by the
graphs in Figure 5. (See references 89,47, and 60.)
The curve marked P represents the ratio of the pres-
sure in excess of static pressure @J developed by a

149900-3%26

nwmmmm 391

@pical Pitot tube at various anglas of inclination or
yaw to the impact pressure at zero inclination, and
the curve-smarked S’ amdPS pertain in a similarman-
ner to a static tube and a Pitot-static tube.

It will be noted that the change in the Pitot pres-
sure due to yaw is very small for angles leasthan about
15 degrees, and then as the angle of yaw increasea the
Pitot pressure decreases at an accelerated rate. The
eilect depends to some extent on the form of the tube.
In Prandtl’s work (refamnce 50) on tubes with hemi- .‘
spherical ends, a minimum yaw effect was observed
when the diameter of the opening was about three-
tenths that of the tube itself.
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As might be expected, the static tube is consider:
ably more setitive to inclination thtm the Pitot. The
&rve S shows, qualitatively, the decrease in the pres-
sure as the angle of inclination increases. As this de-
crease is at fit more rapid than for the Pitot tube,
the result is that the differential pressure iucreaaeafor
small inclinations as shown by curve PS. At a certain
angle depending on the form of the tubes, the di.ffer-
entia!lpressure reaches a mtium and then decreases
at a gradually increasing rate as the inclination be-
comes greater.

Slotted openings have a number of “advantages.
Those made circumferentially on the tube are not so
much tiected by inclination (yaw) as slots cut parallel
to the @ of the tube.

Since the static holes are disposed symmetrically
about the tube, it follows that when inclined to the
direction of the wind stream, there must be flow into
some and out of other openings. Anything which dis-
turbs this flow such as a bend in the tube or the attach-
ment of the supporting tube in close proximity to the
static openings will in general increase the error due to
inclination.
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Inclination to the wind stream of a pressure element
mounted on an airplane may be caused by yaw or
pitch of the airplane. Any irregular small changes
in yaw or pitch will be of minor moment. A steady
angle of yaw will only be experienced when rnde-
slipping and turning, but ordinarily the air speed need
not be determined at such times. The angle of pitch,
however, is a function of the speed and of the load.
The pressure element is, or should be, installed so that
its axisis parallel to the fore-and-aft axis of the airplane
when it is frying level at normal speed under normal
loading. At low speeds, and with heavy loading, the
increased angle of incidence may result in a perceptible
inclination error amounting to as much as 5 per cent.
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For flight testing it may be preferable to use either
a swiveling pressure element or a suspended head.
The swiveling element is rotatable about a trazwverae
horizontal axis and is furnished with directive vanes.
It corrects for changes in angle of incidence only.
The suspended head automatically faces into the wind,
as will appear from the descriptions given later.

(e) Gnsta.-Under service conditions gusts may
cause some unsteadiness in the indications of air
speed, but the errora in the mean speed shown are
so small that they need not be considered. In
flight testing the question should not axise, tice the
work will be done only under very favorable weather
conditions.

(f) Head resistance,-The added head resistance due
to a Pit&-static tube rigidly mounted to an aircraft
is less than that of any other differential pressure tube
and also small compared with other types of operating
elements

(g) lhstaUation,-The mounting of a Pitotistdio
head presents no diflicultica from the mechanical
standpoint. Care must be taken, while the airplane
is on the ground, not to strike and damage the tube,

(h) Blocking of tubes.—A commercial air line must
maintain a regnlax schedule of flights independent of
any save the most extreme weather conditions. This
is particukdy true as regards the air mail services.
Military flying must also be accomplished under very
adveme conditiom. Hence it is of the greatest im-
portance that the performance of the air-speed pres-
sure head, which of necessi~ must be mounted in an
qosed position, shall be influenced by the weather
to the smallest possible degree. The chief weather
factors which may- affect the pressure head are rain,
freezing rain or ice accumulations, snow, and spray.
These may on occasion block the tubes and render the
air-speed meter inoperative. A further accumulation
of data horn actual experience iEdesirable, particularly
data concerning ice formation.

Some data of considerable value have been obtained
from flight tests made by the National Advisory Com-
mittee for Aeronautics and from laborato~ tests
made by the Engineering Division of the United
Statea Army Air Service. @eferences 24 and 3s,)

The Air Service teatawere made on Pitotitatic rmd
Venturi pressure heads at an air speed of about 60
milw per hour. A special 6-inch wind tunnel mounted
in a temperature chamber was used. A fine spray of
water was iutrodnced to simulate rain, and at a
temperature of – 16° C. this spray formed ice coatings
on the pressure heads under tests.

As regsmls Pitot tubes, it was found that the larger
the diameter, the longer the time required to freeze
over and block the opening. Beveling the edge of the
tube on the outside seemed to have no effect, but
beveling inside (15° to 20° bevel) delayed the freezing
over. As loDg as even a be bole existed in the ice cap
on the nose of the tube, the Pitot prcssnre appeared
to be uutiected. h electrically heated tube did not
freeze over. The tubes froze over at the tip before
any ice accumulation at a bend inside was sufficient
to block the tube. On Venturi tubes, even a slight
amount of ice seriously affected the pressure head.
Rain had practically no effect on either Pitot or Ven-
turi tuba, though Pitot tubes required a bend of at
least 30° upward not more than five diametem from
the tip in order not to become clogged. (See fig. 10
B.) Drain holes with total area not exceeding one-
seventeenth of the Pitot tube cross-sectional area did
not appreciably affect the W’erential pressure.

No freezing over was found at the static holes if
these were at least five diameters from the tip of the
tube. Where the static openings were circular holes,
there was a tandency for water fdms to form which
were ticient h- atlect the readings appreciably.
Slotted openings -were not so affected. Very little
water or ice accumulated inside of the static tube.
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It was recommended that for protection against
rain Pitot-static tubes should have an upward bend of
30° or more not over five diametms from the tip, drain
holes in the Pitot tube, and slotted static openings
(circumferentially placed) not less than one-thir@-
second inch by three-sixteenths inch in size. For
protection, it was recommended that the Pitot tube
should be heated or made so large that it does not
freeze over under the conditions of use, and the static
openings should be located at least five diametam from
the tip. It is obvious that a compromise is neoes-
sary, and that the upward bend recommended will
have to be placed more than five diameters from the
tip on pressure heads where the tubes are concentric.
Heated tubes me expensive and require additional
equipment. Probably a minimum diameter cm be
adopted on the basis of service data such that the tube
will not freeze over before the airplane is forced down.

The data obtained horn the flight tests by the
National Advisory Committee for Aeronautic cordirm
the laboratory results. On Pitot-static heads the ice
accumulated in practically the same way as in the
wind-tunnel tests.

Trouble has been experienced occasiomilly on ac-
count of clogging of the pressure element by sand or
dust as the airplane takes off. Coutinho reports such
an incident at the start of his transatlantic flight. The
Badin Venturi was choked with sand so that the indi-
cator was useless during the flight across the ocean.
If much flying is to be done under these conditions, a
long trapped Pitot tube maybe required.

The choking of l?itot tubes by insects has been re-
ported from tropical conntrics. A modified design and
regular inspection should prevent any diflicultics.

(i) Ituggedness,-Pressure heads, since they have no
moving parts, are not subject to wear. However,
damage may result horn corrornonor strildng the tube
while the airplane is on the ground. The possibility
of serious damage is slight in either case. Corrosion,
if very severe, may affect the static holes, but with
ordinary cmnrnercisl tubes under ordinary conditions
of service the corrosion will be negligible. If the edge
of the Pitot tube is bent over, or the tube is dented or
bent in any way a@cting the static holes, the pressures
will be in error. Reasonable care will eliminate the
possibility of any such accident.

(j) Interference, —As an aircraft movca through the
air, air currents are set up near the aircraft. If a PitOt-
static head or any type of air-speed meter is to indicate
accurately the speed relative to the undisturbed air,
it mud be located in undisturbed air. No position
can be found on an airplane where the pressure ele-
ment will not be aflected by disturbances due to the
wings, struts, or other parts of the airpkme. The
errors caused by these disturbances depend not only on
the location of the element but also on the design of the
airplane and must be determined by experiment for

each particular case. In general it has been found that
the errors are likely to be greater on monoplane of the
internally-braced-wing Q-pewhere the most convenient
and practicable location for the pressure head is im-
mediately in front of the leading edge of the airplane.

On biplanm the most satisfactory position for mount-
ing the pressure head (reference 14) h about one-third .
to two-thirds of the gap above the lower wing, forward
and slightly to the side of a strut. The interference&
less in this position than in any other whioh is con-
venient and practicable.

On internally braced monopkmes the pressure ele-
ment has in the past been usually mounted 2 to 4 feet
forward and above the leading edge of the airplane. ‘
The interference is considerable in this position. The
velocity field in the neighborhood of a wing has re-
cently been investigated by Lapresle. (Reference 26.)
% data indicate that the theoretically correct speed
is obtained at all angles of attack up to the stalling
angle in a position from 0.2 to 0.3 chord length back
of and about 0.4 chord length above the trailing edge
of the wing. The distance back is measured along the
chord extended, and the distance up, at right angles to
the cho~d. 171.ighttests were conducted by the Pioneer
hstrument Co. on an airplane with a QWingen No.
387 wing in which a I?itot-static tube was mounted 0.2
chord back and 0.4 chord above the trailing edge of the
wing. The indications of the air-speed meter were
compared with a calibrated trailing Pitot-static tube
and were fonnd to have no error in excess of 1.5 miles
per hour. This may point to the solution of the prob-
lem of where to mount the tube on a monoplane.

I?or special purposes on airplanes and for service use
on airships, the operating element is oftern suspended
below the aircraft at such a distance that the inter-
ference (or pozition) effect is negligible.

The magnitude of the interference effect may be .
determined by the following procedure. The over-ill
errors of an installed instrument maybe determined by
calibrating it on a speed course. The over-all error
will include errors (a) due to the fact that the tube
constant may not be unity, (b) due to varying angles of
incidence of the tube, (c) due to scale errors of the
indicator, and (G?)those caused by the interference of
the aircrtit. The tube constant and indicator errors
can be determined in the laboratory. It is Wcult to
separata the other two factors since the inclination of
the h stream to the mis of the commonly used tube
is tiected by the aircraft structure. Due to this fact
the interference error, or perhaps more exactly, the
error due to both factors, ordinarily variw with the
speed of flight of a given airplane.

The mounting position of the tube for minimum posi-
tion error at selected speeds for each design of airplane ‘
is determined by flight tests usually made over a speed
course. The interference error can not ordinarily be
reduced below from 1 to 5 per cent.
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DESORHWIONOF PITOT%TAmCPREssurm Elkms

The forms of “standard” Pitot-static tubes adopted
by the National Advisory Committee for Aeronautics,
the Bureau of Standards, and the National Physical
Laboratory (England) for use in w-hd-tunnel investi-
gations ~ illustrated in Figure 8. The originals have
been calibrated with all possible accuracy, and dupli-
cates are made to the exact dimensions of the originals
in order to avoid any possibility of scale effect. The
Bureau of Standards type follows quite closely the
dimensions of the National Physical Laboratory tube.
It has been found that this form of tube is quite sensi-
tive to variations in the.shape of the nose and to slight
variations in the position of the static holes. (Refer-
ence 55.) The third tube is very similar to that de-
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FIOUEE&—D@rfun showhwthe standard Pikat-statlotube of the National
Advfmry Ccnmnlttea for Aeronaut& the Bureauof StandmXMand the
National Phyaic@lLaboratory

veloped by Prandtl except that static holes are used
instead of a slot. These tubes are not suitable for
general m-rice on airoraft.

- An early form of IMc&static head is that shown in
Figure 9C. This was developed in England during the
World War and is still in extensive use. It is Jmown as
the Mark IV A pattern. This head has been shown to
develop accurately the theoretical pressure diilerence
and it is not greatly tiected by inclination. Possible
disadvantages arethe method of mountingimmediatdy
in front of a strut (forward and to one side is better),
the small size of the static holes, and the insufficient
provision for excluding water from the Pitot tube.
A modification of this pressure head lmown as the
Mark V A is available for use in localities in which
insects get into the pressure tube. The l%ot tube
connects to the prwsure tubing through ,a number of
small holes and is removable for cleaning.

A pressure head which has been and still is widely
used in the United Statea is the Pioneer head shown in
Figure 9A and 10C. It di&m from the Mark IV A
head in an important respect, in that there is an up-

ward bend of a considerable portion of the head which
effectively prevents any water from entering the
pressure lines. Also the static holes are somewhat
larger and therefore not so likely to be ologged by water
films.

The pressure head now specified by the Bureau of
Aeronautics of the Navy Department is of particular ,
interest &i it has been designed with due regard to
all the factors which might influence its perfommnce
under the severe service conditions encountered in
naval aviation. Dimension drawings of the head are
given in Figure 9B and a photograph in Figure 10A.
The concentric tube form haa been adopted and the
dimensions reduced to the minimum consistent with
other cormiderations in order to keep down the head
reaistmme. The upward bend is to prevent the pas-
sage of water. The horizontal offset permits mounting
against the side of a strut and at the same time brings
the dynamic and static opmings forward and to the
side of the strut at a point where interference is a
minimum. The Pitot tube is of the trapped type.
The main tube is on~half inch outside diameter with
a alight inside bevel at the opening. This form and
size were chosen to delay the effects of ice formation.
The main tube is stopped by a rigid diaphragm 2
inches back of the opening and a closed inner tube pro-
jects forward through this diaphragm. A small slot is
cut in the side of the inner tube to transmit the pressure.
Three small weep holes are provided in the outer tube
to permit the escape of the trapped moisture, which is
facditated by the excw pressure of the air in the inside
of the tube over that at the outside at this point of the
tube. The static optigs comprise two rows of three
slots each, slots being chosen to prevent stoppage or
interference by fl.bns of water during a rain. The
curvature of the head starts less than two diameters
back of the static holes, which would lead one to ex-
pect that the static pressure would indicate a little too
high, or in other words the diilerential preaaurewould
be slightly low. A conccnnhmt scale tiect is to be
expected so that the exact placing of the static slots
with respect to the bend in the tube must be con-
sidered.

The rmults of wind-tunnel cd.ibrations of two
pressure elements of this type are plotted in Figures
11 and 12. The di.ilerentialpressures delivered by the
heads are expressed as a proportion of the true differ-
ential pressure. It should b? noted that here, as else-
where, the prcportiomd errors in pressure are twice
those in air speed. The di.ilerencein performance in
the two heads is mainly due to differences in the static
holes, those of the laboratory model being the more
carefdly made.

Two Pitotatatic tubes now being used to some ex-
tent are the Kollsman tube shown in Figure 10B and
the Pioneer tube, Figure 10D. Both designs show
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especial attention to the prevention of stoppage by
rain and freezing rain. Note that no static hole is
placed directly in the rear of the connecting tubing of
the head shown in Figure 10D.

The Badin l?itot-static tube shown in Figure 10F is
part of the Badin air-speed recorder to be described
later. The static pressure is secured horn the hole in
the center of the &k which is kept
parallel with the air stream by the
vane,

The pressureheads so far mentioned
are designed for biplanes, although
they are used on monoplanes also
whenever it is convenient or possible
to install them in positions where
satisfactory performance is obtained.
The Aircraft Control pressure head,
Figure 9D and the Pioneer head, Fig-
ure 10E are in common use on many
monoplanes. These are intended for
mounting on the leading edge of the
~, ortidy about 2 feet forward.
The extanded tube reducei to some
extent the great interference due to
the wing. The Pitot static head is set
3 or 4 inches below the supporting
tube so that water can not enter the
pressure lines. One theoretical dis-
advantage of the form illustrated is
that the vertical tubes cause interfer-
ence at the static openings. This in-
terference has been reduced somewhat
by eliminating the openings at the top
of the head. However, a static tube
asymmetrical about the horizontal
plane would be expected to have an un-
usually large inclination error in pitch.
Consequently, the speed factor would
vary considerably with angle of inci-
dence, that is with speed and loading.

It is believed that considerable im-
provement both in performance and
construction would be secured in tubes

connection that when ice of the dangerous form has
accumulated, the aerodynamic characteristics of the
airpkme are changed considerably so that the air-
speed indicator is no longer to be relied upon to imli-
‘cate stalling speed. The value of the new stalling
speed may be very diil%rent from the normal value
when the airpkme is ice-free.
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adapted for mounting on tbe leading
edge of a monoplane if a tube such as MauEE9.–PItcI~trIbo3 usedon afrpkw. & the Pfonwr tnb& B, the Navy &a@ O, British Mark IV

A head;and D, AIruaft (%ntrol head for monoplanes
sh&n in Fig&e 9A or 9B, but of
proper length, were bent so as to project forward and
downward.

Electrically heated tubw (fig. 13) have been
introduced in order to prevent formation of ice.
Undoubtedly these tubes will not be clogged but suf-
ficient data from experience are not available to de;
termine whether the increased complexity due to
wiring and electrical connections are warranted by
the results obtained. It must be remembered in this

The suspended head developed by the National
Advisory Committee for Aeronautics is shown in
Figure 144. The over-all length is about 2S inches.
The head is connected to the recording instrument
by rubber tubing of one-eighth inch inside diameter.
The rubber tubes are inclosed in a flexible metal con-
duit of circular cross section. The conduit supports
the weight of the head. Suspension lengths varying
from about 30 to 70 feet have been used.
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The committee has also .developecL a combmed
&h&path-angle and air-speed recorder, all self-con-
tained within a suspended head. (Reference 19.)
The over-all length is 41.8 inches and weight about
18 pOUdL A round-nosed IN&-static tube with
an annular slot for the static opening is used.

miles per hour. Lag, due to the small bore of the
tubing, is rather large but this fact is Considered of
minor importance for the particular uses for which
this head is designed. For general use a somewhat
larger head of similardesign with a modihd suspmsion
cable is under consideration.
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The new head recently designed at the Bureau of
Standardq for the flight test section of the Bureau of
Aeronautics at &acostia is shown in Figure 14B.
This head was made as light as possible and designed

The Pioneer Instrument Co. has constructed a
simikw cable for use with its suspended head except
that it is of circular crosg section. This is shown in
Figure 14C. The theoretically greater head resistmce
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for use with a special suspension cable in an effort to
minimize the extra drag. Its over-all langth is 18 I
inches. The cable is made of rubber, has a stream-
lined section, and contains a stranded steel wire and
two air tubca. Flight tests have shown that the
assembly is satisfactory up to speeds of about 80

of the circular cable is offset by the greater care needed
in lowering the stream-lined cable.

An early English suspended head is a l?iimt-static
tube suspended in a frame so as to be free to rotate
about a horizontal axis. The frame is prolonged
downwards to support a 10-poundweight. This head
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has been used in airship tests. A later form, shown in
Figure 15, is considerably simptied and consists of a
static tube only. (Reference 52.) It is to be used in
conjunction with a swiveling Pitot head mounted in
the-conventional position. -
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C. VENTURI TUB=

TEEORY OF THE~ENTURI

A satisfactory derivation on theoretical grounds of
the differential pressure-speed relation fw Venturi air-
speed pressure heads has not been achieved beyond
that presented in equation (l). The simplifying as-
sumptions usually made in the mathematical treati
ment of the problem are such that the iinal results rep-
resent actual conditions only to a limited extent.

Hence, it is neccssmy to resort to experiment to deter-

mine the form of the function @
(Y’$)of ‘q”a-

tion (1) and the value of the constant K,
For a certain range of moderate speeds, which varies

according to the particular tube under consideration,
the differential pressure may be expressed in the form
of equation (3):

p,–pO=KpV2 (8)

where K is a constmt depending only on the form of
the pressurehead, p, is the pressure at the throat of the
Venturi; and pOis the static pressure. This relation
may also be applied to double Venturi tubes and to
the PitOt-Venturi except that in the latter caaepOmust
b~ replaced by the Pitot preswire. The approximate
spded range within which the equation holds is given
in Table VItC for a number of types which have been
used to a considerable extent in the United States.
The lower hit of @e speed range is determined by the
viscosity effect. At speeds below this minimum the
differential presure falls off sharply. The upper limit

PIIXJEE15.—Brltfshsoqendwl .statiohead

of the speed range depends on a number of factors,
including the magnitude of the compressibility effect.
Available data (references 62 and 63) indicate that at
least within the speed range given in Table TTII,
equation (3) applies with approximately the same
accuracy as for Pito&static tubes. Deviation from
this relation may be expectad at greater speeds as
well as at lower speeds.

Since the differential pressure developed by a
Pitot static head in the same apeed range is given by

p–po.= %P-vg

the ratio of the differential prcsaurea of a Venturi
head to a Pitot static head is given by

(9)
.

where C is called the ‘~eftlciency” of the Venturi or
Pitot-Venturi tube. Values of 17are given in Table
VIII. The approximate differential pressure de-
livered by any of the tubes listed for any given speed
(within the proper limits for the tube) may be found
by multiplying the differential prcasurw for Pit&
static tubes in Table VIII by the constant (3. I?or
accurate work with the Zahm @pea, reference should
be made to the original calibration tables. (Refer-
ence 33.) For high accuracy with other types indi-
vidu al calibrations are necessary.
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DENSITYEPFmT

Wltbin the speed ranges given in Table VIU
density corrections may be applied to the indicated
speeds of Venturi and Pito&Venturi “mtruments by
using the same correction factor as for Pitotitatic
indicators,

TABLE VIII
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l?or low speeds, however, this procedure is nol
sufficient since the air density p also enters into th[

DVP
()viscosi~ variable ~ . The curves in Mwe It

show the minimum air speed at various altitudes fo]
which the simple density correction factor may be usei

t vrwious indicated air speeds without appreciable
rror. If the point corresponding to the air speed
nd altitude for which a correction is desired falls
hove or to the left of the curve for the tube in ques-
ion, then a calibration is required to determine the
orrection. Curves are given by Eaton and MacNair
or the Z@ Pitibventuri tubes. @ference 62.)

DIWXRIPmONSOF VENTURIPEEssmm HWS

Venturi heads are still in common use in Germany
ad France. The Brubn double Venturi, Figure 17D,

A

.L
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—
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FmUEE 17.—DhwI’fum Of typfcal Vanturf and PltcI&Vanturf tnks. A, Zahm
Pft&Vontmfj Navy w B, ZahrnPWJ&Vautnrf,ArmyWIWO,Badfn
Vez@rij Prer@ D,Bmhndcmblevmti Q~

is the usual form adopted for all ranges of speed in
Germany although a single Venturi tube appears to
be coming into favor. In France the Badin head,
Figure 17C, is employed for speeds up to 200 Jdlometem
per hour and Pitobstatic heads for higher speeds.
Typical calibration curves for these heads are given in
reference 62. For accurate work it is neces~ to
calibrate each head individually since slight variations
in dimensions may have appreciable effecti on the
calibration characteristics, especklly when low speeds
are to be measured.



..-,.

400 REPORTNATIONALADVT.SOFLYCOMMJTTEEFOR ABRONAUITCS

The American Zahm Pitot-Venturi was made in
two forms diflering in size and materials. The Navy
me, which was the larger, is shown in Figure 17A,
and the smaller Army type in Figure 17B. For both
of these tubes the calibration is closely represented by
the relation

V,==17.89& ‘

when the air pressure is 760 mm of mercury and the
temperature is 16° Centigrade. Vi is the velocity in
miles per hour and hi ti the differential pressure in
inches of water. (See reference 62:)

The characteristics of the Zahm pressure heads at
low speeds have been irnmstigated@ detail by Eaton
and MacNair, who give curves for the density effect.
(Reference 62.)

ADVANTAGESANDDISKOVMTTAGESOF Vmmmu AND
l?r!ro!lkvENTumHams

The single Venturi was first introduced for the
reason that it gives considerably higher differential
pressures than the Pitoi+atatic and, consequently, a
satisfactory indicator with metal diaphragm was more
easily conshuctid. The Pitot-Venturi and the double
Venturi were natural developments of this same idea.
The double Venturi was also adopted for the purpose
of measuring low speeds on airships, and for airplanes
because the very high differential prwsures produced
made it possible to neglect the small static pressure
variations in the cockpit and so dispense with a static
tube.

However, these advantages are no longer of any
significance and in the United States pressure heads
with Venturi tubes are practically obsoleti. Satis-
factory indicators for use with IM&static tubes are
available for the whole range of airplane speeds.
The supposed advantages of the Venturi, and b
particular the double Venturi, for measurement of
low speeds have been shown to be largely illusory.
The viscosi~ effect at low speeds is large and varies
greatly with the d@p of the tube so that individual
calibrations of the tubes are required. The magni-
tude of the ef7ect is shown by the tube e&iency
(C in equation (9)) which decreasea very rapidly
with decreasing speed. The Badin double Venturi
tube, for example, has an efficiency of nearly 13 at
65 miles per hour which drops to 2 at 5 miles per
hour. The decrease in efficiency is considerably less
for Pitot-Venturi heads but is still quite large.

In the range of speeds for which the differential
pressure follows the law expressed by equation (8), the
advantage of higher pressures is outweighed by the
sensitiveness of Venturi tubes to relatively small
change9 in dimensions. This necdtatm either wry
careful manufactming methods to produce tubes of
exaotly the same size and ahape, or else individual
calibrations. In either case it is obvious that the cost
will be increased. This same sensitivity is alao appar-

ent under conditions where ice may form on the tube.
Even a small quantity of ice, which would have no
efFectwhatever on a Pitot tube, will cause such great
errors in the Venturi pressure that the air-speed
meter will be useless.

At high speeds the compressibility and other factora
ailect the calibration in a practically wnlmown manner
so that pressure heads with Venturi tubes should not
be used for the upper ranges of airplane speeds.

It is clem from the above discussion that at the
present time there is no warrant for using pressure
heads with Venturi tubes on aircraft. There does not
seem to be any advantage in their use except, possibly,
for experimental purposes under unusual conditions
and only ~en if a complete calibration of the pressure
head can be made over the speed and density range for
which it is to be used.

D. CAHSEA~ON OF PItESSURE HEADS

kORATORY CALIBUnON

When the question of calibration is considered, the
great superiority of the J?k&static tube over all other
tgpea of operating elements for general service is
stri.hgly evident. Only in special cases do other
@-pes offer compensating advantage of sufficient
value to warrant their use. In the fit place, for a
given design of Pitot-static tube one calibration suflices,
since it has been demonstrated that duplicates can
be made with ordinary machine-shop methods which
@have the same calibration charactariatica aa the
original to a high order of accuracy. But even a
single calibration is not required unless the pressure
head is to be used for test work, or the yaw errors am
required. I?or by following well-establishedprinciples,
a Pitot-static head can be designed which will produce
the theoretical diilerential pre9sure with errors con-
siderably lW than those due to interference. In
practice, therefore, the calibration errorsof the pressure
bead are iryduded in the speed factor which must
necessarily be determined for each type of air plane
and mounting if air speed is to be me~ured with any
pretension to accuracy.

Calibrations may be made in the wind tunnel or on a
whirling-arm apparatus, the latter probably being the
more accurate at low speeds. Wmd tunnel calibra-
tions may be extended to cover a greater speed range
by towing the tube in a water channel. The reauh%
are reduced to equivalent valuea for air by the princi-
ple of dynamical similarity.

A high order of ,accuracy may be obtained by the
whirling-arm apparatus but only at the expense of
careful and painstaking experimental work. The
chief source of error is due to the swirl of air setup by
the movement of the arm. For a detailed description
of the method of testing, the reader is referred to an
Bsrly paper by Bramwellj Relf, and Fage describing
the calibration of the N.P.L. standard head. (Refer-
ence 43.)
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FLIGHTCarmumoN

The methods which have been used to determine the
errors of an air-speed meter tit as installed in an
airplane are-

(a) cornptig the indicated air speed with the
speed of the airplane as determined by timing over a
speed course.

(6) Comp@ the indicated air speed with that
given by an instrument suspended horn the airplane
at a sufdcient distance to mske the interference errore
negligible.

(c) ~fig ti formation with an airplane whose
speed factor has been previously determined.

(d) By comparison with an element mounted on a
rod projecting far forward from the wing or strut.

(a) Calibration over speed oourse. (See reference
29).—A speed course cotits merely of two ground
stations, easily identified from the air, at an accurately
known titance apart. The course should be marked
by some prominent topographical feature such as a
straight highway or railway. The time of flight may
be measured either horn the ground stations or on
board the airplane. Measurement of time of flight
from the ground stations requires an observer at each
station, electrical or visual intercommunication, and
appropriate timing apparatus. If wind corrections
are also to be determined from the ground, additional
equipment is necessary.

When all measurements are made on the airplane
itself, no additional personnel and no equipment other
than markem are required. Therefore, thh procedure
is generally adopted.

The length of the speed course should be sw&ient
so that the unavoidable slight errors in fixing the time
of transit will be negligible in comparison with the
total time of flight. For average use a length of about
2 miles is satisfactory. The course should be level
and chosen to have a direction such that the probabdity
of cross winds is a minimum.

The weather is usually the controlling factor as re-
gards accuracy. The effect of a wind, steady in direc-
tion as weIl as intensity, can be readily determined,
but such a wind is rare in nature. Generally it is
necessary to wait for a favorable opportunity.

In making a run at one indicated air speed, the time
of traverse is measured in both directions. When ob-
tained by the pilot or an observer in the airplane a stop
watch is used, which to insure accuracy should be
rated. The traversing flight is made at low altitude,
so that the air density, determined by the air pressure
and air temperature, is practically that at the ground
level. Sighting is more accurately done at low alti-
tudes both by the pilot and by ground observem.
The ground speed is obtained by dividing the length of
the course by the time of traverse. The average
ground speed in the two directions eliminate the effect
of a head wind provided the wind speed remains con-

stant. If there is a component of the wind perpendic-
ular to the course, the airplane should be flown so that
its longitudinal axis is always parallel to the course.
The crosswind will then drift the @lane off the course
but correct results will be obtained if the time interval
of the traverse is measured in the usual way.

The average ground speed thus detemined is the
true air speed V= of the airplane for zero wind. The
true indicated air speed Vi k given by equation (7a),

,— -1-.
(7a)

in which, as before stated, p, and T, are the standard
values of the air prewrre and air temperature and pE
and l’~ the values at th6 altitude of tlight. The two
latter quantities may be observed on instruments in
the airplane or at a ground station if its elevation and
the altitude of tlight do not differ more than 100 feet.
The factor U may. be computed or more conveniently
obtained from a chart such as Figure 1.

The correction to be applied to the reading V, of the
akspeed meter is given by the di.flerance Vi —Vr.
This correction includes the effect of all errors of the
air-speed meter.

Air-speed metem are not usually calibrated on a
speed course at speeds near the stalling apeed of the
airplane owing to the danger involved in flying at the
required low altitude. Usually method (6) or (c)
is used.

The French have developed methods and equipment
for measuring the air speed from ground stations.
(Reference 22.) Somewhat similar arrangements were
used on a speed course for high-speed trials laid out on
Kent Island during the summer of 1929 by the Bureau
of Aeronautics with the cooperation of the Bureau of
Standards. The method cotits essentially of photo-
graphing the airplane at each end of the course, includ-
ing markers to indicate the position of the airplane
with reference to the start and W of the course.
The moment of taking the photographs is recorded
upon a chronograph by means of contacts in the
shutter of the cameras. The speed is determined from
the time interval thus measured and the length of
the course, corrected for the deviation of the air-
plane from the start and fish line as shown by the
photographs.

(b) Suspended head method.-h this method of
calibrating an air-speed meter aminstrument is used as
standard in which the operating element is suspended
below the airphxnesuch a distance that interference is
nil or at least negligible. This method compared to the
speed course method is less dependent on weather con-
ditions, requires no particuhmterrain, and, most impor-
tsmt of all, it can be used even at low speeds.

Several types of suspended heads have been used. In
England the suspended static head (reference 52) has
been developed for this work. (See fig. 15.) h long



402 RDPORTNATIOIL4ZADVISOI?YCOMMITIT1.EFOR MLIRONAUTICS

“ as a Pitottube faces accurately into the wind stream
and there are no disturbing eddies ahead of it, it meas-
ures the true total head. Hence, it is necessary only to
suspend the static tube, thus eliminating the necessity
of an additiomd suspended tube. To avoid inclination
errors, a swiveling Pitot tube is required. In the
United States, a combined Pitot-static suspended head
is favored. TheN. A. C. A. head, shown in Figure 14 A,
and the Pioneer head, Figure 14 C, are examples.
Recently, the Bureau of Standards has constructed a
suspended head (@. 14 B) for the Flight Test Branch
of the Bureau of Aeronautics.

Other instruments which have been used for the same
purpose are the Barr and Stroud air log (fig. 40) and the
Bureau of Standards electric air-speed meter (fig. 42).

The length of the suspending cable k important.
The relation for one airplane (reference 52) between the
percentage increase in indication and the length of the
suspended cable is shown in Figure 6. The indication

- becomes greater as the length of suspended cable
increases, a result that maybe considered as typical for
airplanes. Note that the error becomes practically
zero for a length of about 30 feet; this is usually con-
sidered the minimum for accurate work.

On airships the position error varies considerably
rwccrding to the distance of the a&speed element
horn the nose of the airship. Experiments on the R33
(reference 4) gave the results shown in Figure 7 for a
Pitct-statio head suspended from the control car.
Roughly, all disturbances are avoided by using a sus-
pension about 40 feet long.

(o) Flying in formation.-This method is practically
independent of weather conditions and easily carried
out. The airplane is flown in close formation for sev-
eral minutes with one containing a calibrated air-
speed meter. Simultaneous readings of the speed
on each airplane are obtained. The accuracy of the
result is, of course, limited by the original calibration of
the reference instrument. Errors from other sources
can be kept quite mmll.

(d) hatrnment mounted on forward projecting
rod.—Monnting a Pitotistatic tube or the element of
other types of air-speed meters forward of the airplane
is similar in principle to the use of a suspended head.
The use of a suspended head is preferable for mechan-
ical reasons, since in the former method the element
must be mounted &m one and one-half to two W@
chord lengths in front of the leading edge of the wing.
It is used whenever the supended head type is not
practicable, as in obtaining readings when very close
to the ground.

PRESSURETUBING

- In the United States copper tubing of one-fourth
inch, or more commonly, three-sixteenths inch, out-
side diameter is used for connecting the pressure head
to the indicator. Brass fittings of the type illnstratod

in Figure 18 are soldered to the tubes wherever con-
nections are required. AIuminum tubing is f~vored in
England and is sometimes used in the United States.
Its only disadvantage is that the type of fittings now
standard can not be used on account of the fact that ‘
soldering is not possible. Rubber tubing should never
be used except for temporary installations as in flight
testing.

LLd&A-d
o I

Fmm l&-Standard fitlng ti to oxmwt tnbti to alr+psd lndlcator. The
tnbirw Msfntaand ismlderedto F’mt O. Pmt Aksmowed irkothoh Mm.
mont m

Connecting tubing may get out of order on account
of leaks or stoppage. With carefully made connec-
tions and tubing well supported so that it can not
vibrate or chafe, no trouble should be encountered
with leakage. Stoppage usually redts from water in
the lines, either blown in through the pressure head or
formed by condensation. To avoid trouble from
this cause, the tubing should “lead upward from tho
pressure head and then steadily downward to a low
point at the fuselage under the instrument board. A
tee fitting at the low point fitted with a removable
cap or a valve serves as n drain.

Inspection of the tubing is a relatively simple matter
and should be done periodically. Provided the in@-
cator case is air-tight, leaks in the lines may readily
be detected. The tubes are discomected at the fit-
tings adjacent to the pressure head and a slight pres-
sure is maintained on the Pitot line sufficient to make
the indicator read about half of its maximum range.
If the reading drops off, there is a leak in the tubing.
Similarly, by applying a slight amount of suction, the
static line may be tested. Pressure or suction must
be applied with e.stremecare, as it is very easy to ruin
an indicator merely by blowing too hard in the tubes.

By disconnecting the tubing near the indicator and
blowing through from this point any stoppage may be
detected. It is well to try the drain first, so that if
any water has accumulated it will not be spre~d
through the lines.

The time lag in indication with tubing of the dianmter
now standard and of the lengths commonly used is
negligible under the usual conditions of use. (Refer-
ence 20.) The use of tubing of a diameter leas than
one-eighth inch should be avoided.
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INDICATORSFOR DIFFE&ENNmlLPRESSUREllWTRU-

A.DESCRIPTION OF TFPFS OF JNDICATORE

The i.ldioating element of the difl%rentialpres-sure-
type air-speed meter is esaentkillya sensitive preswre
gauge. Indioatimmay be eitherliquidalumn manom-
eters or mechanical pressure gauges. In the mechan-
ical gauges, pressure is measured by the deflection of a
diaphragm or combination of diaphragms whioh may
be metallic or nonmetallic.

LIQTEdVhNO~ TYPE

Before and during the early part of the World Wm
the liquid manometer was extensively used in Great
Britain. A few yeara after the war it waa revived for
n brief time in the United States. In its simplest
forms it consists of a U-tube with the columns con-
nected to opposite sides of tho pressure nozzle. A
scale graduated in speed units is mounted. adjaoent to
one column and the height of the liquid eolucnn is an
indication of the air speed.

These indicators me now obsolete except for occa-
sional special teat work. Obvious disadvantages are
their fragility, large size, and susceptibility to accel-
eration errors.

NOIWEKM.LLICDLLPHDAGMTYPE

In m effort to secure sufficient sensitivity when
wing a Pitot-static tube, the nonmetallic diaphragm
gauge was introduced by the British. Favorite ma-
terials were rubber and varnished or doped silk. h
instruments with rubber diaphragms, the deflection of
the diaphragm was utilized to provide a measure of
the air speed exactly as with metallic diaphragms
(Ogilvie). The oiled-silk diaphragm on the other
hand was used merely as a sort of scale pan to trans-
fer the load to a flat spring whioh formed the measur-
ing element. (Clift.) Nonmetallic diaphragms are
no longer used, in the United States at least, as me-
tallic diaphragms of ample sensitivity are available.
Their chief dimdvantagea were the rapid deteriora-
tion of rubber with age, and the generally very large
temperature errors. (Reference 12.)

MDTALLIaDIAPHRAGI~TYPE

(a) Diaphragms.—The metallic pressure element
may be in the form of a bellows in a single piece such
as the sylphon or hydron type or made up of single
corrugated diaphragms fastened together ahkumatdy
at the center and at the rim. The simplified form
consisting of two corrugated diaphragms joined at the
rim is most commonly used in presentiay air-speed
metem except in more or 1ss5special instruments of
low range.

The form of the corrugated diaphragg is based on
experience rather than theo~ since the problem of its

hstio action has not been solved. One theory indi-
=bs that the depth of the corrugations should vary,
be flatter or shallower ones being looated at the
xmter and the edge of the diaphragg. So far as
mown, howevar, there is no instrument in production
with a diaphragm of this form. The shape of corru-
gation varies considerably, eaoh manufacturer ap-
parently having his own ideas as to what the proper
hape should be.

Niokel silver and phosphor bronze have been found
by experience to be the most suitable material for
diaphragms. Other. materials (steel, brass, silver,
3to.) have been used to a very limited extent, chiefly in
experimental instruments.

Diaphragms may be made by spinning or by stamp-
@ @r-)” The lat~r mefiod is Prefe~~ when
the number required wmrants the expense of a stamp-
ing machine, not only because it results in a more uni-
form product but also beoause of its relative oheapness.
In the nature of the process it is obvious that dia-
phragms made from the same sheet material will vary
greatly in elastic characteriatios. Some method of
selection is neceswy. One method in use by manu-
facturers is to make up a large stook of diaphragms
of form and material show-nby exp-iwienceto be satis-
factory, and then to sort these into groups, depending o
on their deflection for a given load. When dia-
phragms are desired for a specific purpose, selection is
made from the ‘group most nearly approximating the
desired charaoteristios and the meehanism is adjusted
to compensate for any deviations from the desired
perfonnanoe. Although this method may seem crude
it works very well in practioe. No matter what opera-
tions may be used to form a diaphragg, intcnmrd
stress= are necessarily introduced and the diaphragm
is not usable without further treatment. Essentially
this treatment oonsists of low-temperature amnealhg
for a fairly long time, or mechanical seasoning in com-
bination with it. Manufactumm have developed these
methods empirically in the effort to meet increasingly
stringent speci&ations and the processes used are
regarded more or less as trade secrets. The results
are “seasoned” diaphragms whose charaohristics are
not subjeot to changes with @ne, to any appreciable
extent.

The present method of joining and soldering the
diaphragms to form a oapsule is a decided improve- “
ment. The two rims are held in contact at a point
near the edge and solder applied to the rim between
this point of mntaot and the outer edge. (See iig.
20.) This reduces the amount of solder required and
eliminates stressesnormal to the rim, due to the diiler-
ential pressure.

The suitability of a diaphragm depends on its elastic “
properties, as evidenced by the pressuredeflection
relation, and the effect of temperature, hysteresis,
drift, ete. These will be discussed later in connection
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with the testing of indicators. The elastic properties
depend on the mat&al used, the treatment of the
matexkd in manufacture, and the form of the dia-
P*.

FIQUEE19—Me&antsmof typimldrsp3Kiindimblr

(b) Meohanism,-l%e mechanism serves a threefold
purpose; it converts the linear motion of the center of
the diaphragm capsule to circular motion of a pointer,
it provides magnification, and it secures an evenly
or nearly evenly divided scale. Also there may be
added arrangements for adjustment and temperature
compensation. With the intiduction of the prcsenti
day improved diaphragms, it has been possible to
avoid complications in the mechtim, and conse-
quently, this part of the instrument is standardized,
at least in its general aspecta, as far as the circular-
dkd type of indicator is concerned. A speoial form
of mechanism is required for vertical-dial instruments.

Figure 19 shows the parts of rmindicator mechanism
of the qircular dial type in diagmmmatic form and
I?igure 20 a photographic view. Photographs of three
@ical instruments are shown in Figure 21. A wire
bridge or metal lug B, attaohed to the center of the

COMWXlT51FOR AERONAUTICS
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airspring. Balance is secured by proper proportion-
ygof the parts with added weights (Wj for example)
hen required. Sometimes one of the bell-orank
rms is made of a bimetallic strip to secure tempera-
uw compensation. On indicator of high range a
Btrainingjspring may be added, operating directly
I the diaphragm through the lug B.
This simple mechanism has proved itself satisfactory

othfrom the manufacturer’s and the user’s standpoint.
; provides many possibilities for initial adjustment
)y bending the bridge or any one of the lever arms)
Id dow not get out of order easily.

FIUUBE!2a—Mmhankmofa tgpkal afrw=AMl&or

k the vertical dial type of instrument (fig. 22) the
Echanismis the same as far as the bell crank. This,
Iwever, instead of driving a sector drives a second
11crank to which is attached the link arrangement
r changing rotational motion irrto the straight line
>tion of the tip of the poiater. The hairspring is

1--

FmuEEZL-Dkd vlEWofthrw~indk&m& Nobth810w@atwhioh indicationsamobtatned intheiurtrnment ontbekft

diaphragm presses against the short arm SA of a bell
orank. The loqg arm LA, of the orank works against
what is essentially a cam surface on the sector S.
This surface may be the curved arm of the seotor, or a
slot of suitable fob. The sector engages a pinion on
the pointer shaft on which is also tied a restraining

inserted on one of the stafk of the link motion. The
link arrangement is a potential source of weakness
since it must be comparatively large and light and
therefore is apt tQ be flimsy.

The development of instruments having a uniform
dial size of 2% inches in diameter (fig. 21) was initiated
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by the United States Navy and adopted as standard
by the Army and Navy air services. These instru-
ments have met with great favor and are extensively
used. The use of dials 3% inches in diameter is also
common. lhstrumenta with larger dials are available
for passenger cabins of transport airplanes. The
vertical scale instrument (fig. 22) has not deib.itely
established itself and is not in ganeral use. The scale
iE approximately 6 inches long, the face of the dial
being 6 by 1?4inches in size.

Common rangea are 120, 140, and 160 miles per hour
with lowest speed of 40 miles per hour. Higher (250
miles per hour) and lower rangea (80 to 100 miles per
hour) are available but are usually considered special.
The NrLvy haa standrmlized on ranges of .30 to 160
and 40 to 260 knots and the &my on ranges of 30 to
180 and 40 to 300 miles per hour. American practice
tends toward scales of a single revolution or slightly

FIGUREZL—AMDM Indicatorwttba
Voi&33W33e

less, divided in 5-mile or 6-knot intervals, whereas the
English tendency is toward scales as long and open as
possible even though more than one complete revolu-
tion of the pointer may be required. Night illumina-
tion is provided by radium paint on the major scale
divisions, on the pointers, and on the &urea, or by
indirect instrument panel lighting.
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One idea resulting from the more general attention
paid to instrument-board arrangement is of consider-
able merit if the air-speed meter is being used to in-
dicate level flight. That is to graduate the dial so
that at normal flying speed the-pointer will be “level
and pointing toward the right. Then the ins~~t

/a~Lamp
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Cbnnecfors

FIGDEE23.-Air-apeMrmrdm developed by tbe NotionrII MvisorY
Canmlttcafor AmenarMra

will indicata more~conveniently as a flighbattitude
indicator, since if the airplane is diving the pointer
moves down, and if nosing up the pointer &o will
move up.

The composition case, of bakelite or similarmaterial,
6ss almost entirely displaced the metal case with the
resulting advantages of cheapness, light weight and
moncomosivenes.

AIR-SPanD RECORDEIW

At present air-speed recordem are used in ilight
testing k a limited extent, and in flight research. All
>f those described below are designated for use with a
E’itm%tatictube.

The air-speed recorder developed by the National
Advisory Committee for Aeronautics for use in flight
investigations is shown in Figure 23. The diagram
lhows the details of the pressure element and of the
method of recording, which is optical. The drum
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containing the recording ti is rotated by an electric
motor, the speed of which is kept sufficiently constant
by means of a centrifugal governor.

~GURE %—Badln ok- remrder

In the Badin &-speed recorder (iig. 24), the metal
diaphragm capsulea are inclosed in an air-tight case so
is to subject them to the diihrential l?itct-static
prwsure. The stufling box through which the motion

the lower set of capsules and the static tube to n like
set above. A rigid rod connects the two sets. Relative
motion of the capsules is transmitted to the recording
arm through a lever pinned to the stiff rod. The
record is made on a smoked chart which is attaohed .
to a CIOCk-&iv~ drum.

h air-speed recorder constructed at the Bureau
of Standards is show in Figure 26. The instrument
is similar in principle to the Badin recorder just de-
soribed. The stuihg box ccmista of a shaft in a long
bearing but with the shaft bearing’only at three narrow
surfaces. It is leak-tight for differential pressures up
to one inch of water. The sensitivity varies; the
motion of stylus is 0.06 inch for the speed interval O
to 20 miles per hour and 0.35 inch for 150 to 160 miles
per hour. The height of the recording drum is 3%
inches and the weight of the instrument, 4% pounds.

INOICATOESOR Trim km SPMnD

As has been explained, in order to obtain the true
air speed, the indication of a Pito&static meter must
be corrected for deviation of the density of the air
horn the standard density. This in general involves
measurement of the air pressure and temperature
and the computation of the density and the correction,
or more simply the use of a chart such as shown in
Figure 1. Two types of differential pressure instru-

Fmmr.25.-Toumin&L@roabpwl mmrdmmodMed by mb&Itnthw meMUo for tbe nonmeMUo dlophrwxm

of the capsules is transmitted is a shaft in a long bear-
ing. The record is made on a clock-driven drum.

A Toussaint-LePbre type recorder modified for the
Bureau of Aeronautics by the Bureau of Standards is
shown in Figure 26. The Pitat tube is connected to

ments have been constructed which indicate the true
air speed app-mximately.

A dial view of one of these instrnmenta due to
Dugit is shown in Figure 27. The instrument has two
pointers; the one marked A in the figure h actuated

/
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by a Venturi tube and the one marked B by an read through a hole in the dial. When the adjustment
aneroid barometer mechanism. is suck that the drum indicates zero altitude, a reading

It will be seen that the pointer B has a spiral- of the indicated air speed is obtained. l?or any other
shaped wire fastened to it. The indicated air speed indication of the drum the true ak speed corresponding
is indicated as usual by pointer A on the graduations to that altitude is indicatad. It is thus evident that
at the outer edge of the dial. The true air speed is to obtain true air speed -ivith this instrument, the
indicated on the dial at the intersection of pointer standard altitude above sea level must be lmown and
A and the spirfi part of pointer B. I then the drum adjusted by hand to this altitude.

.. \

FIQUEE28.-Bureau of Stnndarrh akped rmrder

The second instrument was develoDed at the Bureau I The indication of true air speed of both instruments.
of Standards in 1927. It consists of common type is that based on the standm-d atmosphere for which
Pitot-strttic air-speed meter with a modMed indicator. value9 are given in Figure 3. Correct rw.dts, neglecti
As shown in Fi.&re 28, lever 13 which connects the
diaphragm capsule with the multiplying mechankm
is movable along it-slength by means ,of thumb knob
3. This motion changes the indication of the pointer
in the same proportion for any given reading. The
drum marked 18 is rotated at the same time lever
13 is moved. This drum is graduatad in units of
stmdard altitude on its cylindrical surface and it is

149900-3%27

ing instrumemkd errors, are obtained if the temper-
ature of the air at the standard altitude as measured
by MI altimeter does not dMer from the standard
temperature.
B.LABORATORYTESTS OF INDICATOFU3 OF THE DIFFBFtENTIAL

PFtwuRE TYPE

The purpose of testing air-speed meters is twofold.
In the first place the accuracy of the instrument is to
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be evaluated and a table of corrections determined.
b the second place, tests furnish a measure of the
mechanical fitness of the instrument as regmds design,
construction, and ability to withstand the conditions
of setice.

FmuEE27.-Dfaf of Dr@ ekwP@ fndfmtor

The three general categories of tests which may be
applied to sir-speed meters are (1) flight teats, (2)
wind-tunnel or whirling-arm teats, and (3) static or
laboratory tests.

(1) The chief purpose of flight tests is to determine
the characteristics of the pressure head as mounted on

3--

2

rll -
FxmRE2S.-Dfamam of Bureauof Standmdsfndfmtm of trwrelatfveti @

the airplane. The methods of
have bun previously described.
ference by structural parts of
determined in this way ordy.

conducting the tests
The eflects of ini%r-

the. airplane can be
The tests, however,

COMMFIWEEFOR AERONAUTICS

give the total errors including those due to angle of
incidence (pitch), the calibration errors of the tube,
and errors in the indicator in addition to the inter-
ference errors. In order to separate the errors tho
other types of tests are required.

(2) Wind-tunnel or whirling-arm tests, aapreviously
discussed, are made to determine the calibration errors
of the premure head and the errors d,ue to yaw or
pitch.

(3) Laboratory teats are de-signed to evaluate the
performance of the indicator as a pressure gauge.
The following pages, in which the discussion is limited
to metallbdiaphragm indicakn-s for use with l?itot-
static pressure heads, will be concerned exclusively
with this type of test. With minor changeaj which are
obvious from the context the same testing methods
may also be used for Venturi and Pitot-Venturi in-
struments, as the indicators are @damentally the
same.

@
Bellowspm-p

= P
Air-speedidcotors on

mou-n%g boord Mbnomef

—
1-

P1.m.lp

FIGURE29.-Methd of testhwofrmad fndfdoia for scalemom

TES~G EQUIPmNT

(a) Manometers.-The errors of the air-speed indi-
catar are determined by comparing its readings at
various prwmres with those of a suitable water
manometer. A typical arrangement for the purpose is
shown diagrammatically in Figure 29. The l?itot
opening of the instrument is connected to a common
header which is connected to the manometer. The
pressures corresponding to air speed may be obtained
by a hand-operated pump or by reducing the volume
of the closed system by means of a metal bellows
arrrmgement, all as indicated in the figure or by the
rubber tubing and roller shown in l?igure’30.

The simplest and most convenient manometer is a
single glass tube open at the top and connected at the
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bottom to a reservoir as shown in Figure 29. Th
cross section of the reservoir should be large compare
to the bore of the tube. Water is commonly used a
the illing liquid, but as explained below benzol is mor
satisfactory if the necesseiy additional precautions ar
taken. The manometer is equipped with a seal
which for convenience should be graduated both i
inches and in speed units.

The indicatom can be read to about 0.5 mile pc
hour. If an accuracy of this amount is to be obtainec

—
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~GUFIE80.-Fi0nem mnnometer for use 89sh.ndud in callbmtlng ak-spea

JndImtor9

the mrmometermust be read to O.O15inch of water
30 miles per hour, 0.02 inch at 40 miles, and 0.10 i.n~
at 200 miles. This sensitivity equals 3.3, 2.6, and O
per cent, respectively, of the differential premures
these speeds.

The effect of changw in temperature of the msmoI
eter and of variationa in the acceleration of grati
are ordinarily neglected. The error due to variatif
from the standard value of gravity will usually n
exceed 0.2 per cent. The standard temperature f
the manometer is + 15° C. For a temperature

+ 30° C. the error is 0.3 per cent of the differential
premure and for +40° C., 0.7 per cent. Thus thwe
errors are usually within the over-all error of calibra-
tion of ordinary indicatcm.

It is dwirable to increase the sensitivity of the
manometer for calibrating low-range indicator. In
most casw it i9 sufficient to use a msmometer with the
tube tilted 60° from the vertical. The sensitivity is
thus doubled. Using bwol instead of water increases
it somewhat more and at the swne time gives a better
defined meniscus upon which to sight. The variations
in the density of benzol make it necessary to determiue
the densi~ of each lot.

,.

The Pioneer water manometer for testing air-speed
indicators is shown in Figure 30. The air”pressure is
controlled in this apparatus by varying the volume of
the closed system by means of the rubber tubing and
roller shown at the side of the cistern. t d

(b) Temperature oontrol apparatus,-The current
Army-Navy specifications require that the indicatcm
be given scale error tests when at temperatures of
–35° and +45° C. The higher temperature is easily
secured in a temperature chamber by mew of an
electrical heater. The lower temperature may be
obtained by using (a) an ammonia compressor, (b)
a carbon dioxide compressor, (c) solid carbon dioxide
V’dry ice”) or (d) liquid carbon dioxide. For occa-
sional tests the use of solid carbon dioxide is very con-
venient provided a source of supply is available. This
refrigerant is put into the temperature chamber in the
same manner as ice in a reh-igerator. The temperature
is controlled by a variable-speed fan blowing directly
on the solid carbon dioxide. A temperature chamber
of this type. constructed &d in use at the Bureau of
Standards is shown in Figure 31.

In using an ammonia comprwsor it is found that the
rate of cooling at temperatures balow about – 25° C.
can be substantially inoreased if an auxiliary blower is
used @ the Iow-prme line just ahead of the main
compressor. This arrangement as used at the Bureau
of Standards practically doubles the amount of ammonia
flo~g through the coils.

Equipment for using liquid oarbon dioxide economi-
cally was developed at the Langley Memorial Aero-
nautical Laboratory and is described in reference 15.

(c) Vibration board,-The instrument board of an
airplane is under continuous vibration while the engine
is running. The mode of tibration varies widely on
airplanesof difFerenttypes. Even on one and the same
instrument board there may be great varhtiona as an
instrument is added or removed, or if the engine of the
airplane is changed. Accordingly, the best procedure
for a laboratory test is to specify a certain mode of
vibration and require that all instruments be able to
withstand this vibration for a speciiied time. This
may be called the “standard vibration” and is a trans-
lational motion in a circular path in a plane 45° from
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the horizontal with a diameter (or double amplitud~
of % inch and tiequencks varying from 1,000 to 2,0[
per minute.

.

a —-------- I
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FmvaE 31.—TemImratumclmmkfor tedngafrmaft ktrmnanta. Solfd carb(
dioxide (“dry fro”) ISW as a ti~t

In cooperation with the Bureau of Aeronautics of th
Navy Department, the Bureau of Standards has de
signed a vibration board for general use in twting ti
craft instruments including the indicators of air-speef
meters. A photograph of the apparatus is shown iI
Figure 32. It is mounted on a heavy concrete pedeste

COMWTJ!EEFOR AERONAUTICS

with nonferrous reinforcement to eliminate magnetio
disturbances. The motor is mounted in the base of
the pedestal, asshown, and drives the board bymeansof
a long leather belt. ?STonmagneticmaterials are used
throughout except for the ball bearings and races.

The motor drives an eccentrio which is adjuetoble so
as @ secure double amplitudes up to one-eighth inch.
The eccentric rotates in a ball bearing which is attaohed
to an aluminum plate. The motion of this plate is
restrained at two parallel edges by a similar plate
directly beneath through ball bearings in linear races
so as to obtain a linear motion in the 45° plane with
respect to the lower plate. The motion of the lower
plate k restrained with respect to the baae of the
apparatus by similar ball bearings at the two remain-

.
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FIGWEE3!L-V5ratlon & for snbjeutfnginstrumentsto the Aandord vlbmt!on

ing edges, thus obtaining a linear motion in the 46°
plane, at right anglesto that of the upper plate. The top
plate has a motion with rwpect to the base whioh is
the resuhmt of the linear motion of the bottom plate
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and its own motion with respect to the bottom plate,
which is the desiredvibration. Two stiff brass bracketk
are shown in Figure 32 mounted on the top plate to
which panels containing instruments can be attached.
Amplitudca are measured by u Ames dial (shown in
fig, 32) and frequency by a tachometer.

TEST METHODS

(a) Order of tests on indicators.-li making com-
plete teats on an indicator it is essential that a pre-
scribed order or sequence be followed so that the effecti
of one test on the mechanical behavior of the instru-
ment will not influence the following test. Alsd when
possible, the first tests shotid be those concerning
mechanical features which axe adjustable so that the
instrument can be readjusted if required, without the
necessity of following through the entire testing pro-
cedure. For example, it would not be advisable to run
temperature tests until after scale errors had been
determined at room temperature. The various tests
will be described in the sequence in which it is usually
preferable that they be made.

(b) Soale error.-Thia test is made to determine
whether the instrument is properly adjusted and cali-
brated so that it indicatea according to the standard
preasur~peed relation, data on which are given in
Table IV. Errors may be due to incorrect zero setting,
poor adjustment of the multiplying mechanism, incor-
rect graduation, or an unsuitable diaphragm. Errors
due to the fit two sources are comparatively easily
eliminated by simple adjustments. Those from the
last sources can not be removed by adjustment.

The test is made by comparing the indication of the
instruments at various pressures with the correspond-
ing reading of a standard manometer at a normal or
room temperature, usually about 20° C. (See fig. 29.)
A common procedure is to obtain readings of the instru-
ment at the pressures corresponding to even lo-mile
intervals for increasing and if desired, also decreasing
pressurw. With pressurcaincreasing or decreasing the
the pressure should be brought up to, or down to, the
desired value without passing it. The instrument
should be tapped before ‘each ~eading.

A satisfactory instrument should have no errors
greater than 1Mper cent of the maximum scale reading
and over the central part of the scale the errom should
not exceed 1 per cent. I?igure 33 shows tgpical scale
errors for a satisfactory instrument and also for one
with excessive errors. Average scale errors (signs dis-
regarded) for 52 instruments tested during 1929-30
at the Bureau of Standards are shown by the lowest
curve.

(o) Friotion test.—A slight amount of friction is of
little importance because air-speedindicators arealways
subject to vibration in service. h excessive fiction
error, however, would indicate poor adjustment of the
mechanism,which might result in sticking or jamming

or, more likely, in e~cessivewear. On decreasing pres-
sures an excessive frictional error might indicate a weak
hshpring.

l?riction errors may. be determined while the scale
error test is being carried out by reading the instrument
before and after tapping. The difference in readings at
any point of the scale should not be over 1 per cent of
the maximum reading of the instrument. A second
indication of friction is furnished by the motion of the
pointer. The pointer should move smoothly while the
pressure is being changed at a uniform rate.

(d) Position error.-In order to avoid errors due to
acceleration eilects, the mechanism of the indicator
must be statically balanced for all positions. The
position error test furnishes all needed data. First, the
instrument is read while in the normal position. Then
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without changing the pressure the indicator is tipped
90 degrees to the right or left and a second reading
made. It should be tapped before each reading. The
maximum diihmnce in reading at any point of the scale
due to change in position should be less than 1X per
cent of the mmdmum reading.

This test may also be run with the scale error test if
only one or two instruments are being tested at the
same time. Readings need be taken oily at 30-mile
intervals on the scale. ;4

(e) Leak test.—The purpose of this twt is to check
the sealing of the instrument case and fittings. The
case is tested by applying suction to the static connec-
tion sufficient to produce full-scale deflection and then
sealing off the instrument. Any noticeable decrease
in reading indicates leakage, usuilly at the rim cf the
glass dial cover. Navy specscations permit a maxi-
mum change of 2 per cent of the reading in one minute.
The connections to the diaphragm capsule are tested
in the same mamnerby applying pressure to the Pitot
connection. There should be no appreciable change
in reading during a period of one minute.
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It is advisable to apply thwe tests to the indicator
periodically while it is in service. The connecting
tubes are disconnected at the indicator and a short
length of rubber tube connected to the instamrnent.
By sucking or blowing, according as the tube is con-
nected to static or I?iiwt side, a full-scale deflection of
the instrument is produced and the rubber tube is
sealed as closely aspossible to the instrument by means
of a pinchcock. It is wsential that the rubber tubing
be connected leak-tight, and caution must be taken
not to damage the instrument by applying excessive
pressure or suction.

After testing the indicator the connecting tubes
should be blown out and drained if necewq-. They
are then reconnected to the indicator and the leak
test is again applied, h time from the point where
the prwsmrehead is connected to the tubing. h this
manner le&s or breaks in the tubing may readily be
detected.

(f) Vibration test.—Air-speed indicators are tested
for vibration on the vibration board previously de-
scribed. They are mounted with their dials in the
vertical plane and oriented so as to be in the normal
operating position. Thus, in the plane of the i.rMrn-
ment dial, the instrument is subjected to the full
amplitude of the board horizontally and to seven-
teenthsof the amplitude vertically. In the horizontal
direction, perpendicular to the dial, it receives seven-
teenthsof the full-board amplitude.

The vibration -tests of air-speed indicators at the
Bureau of Standards conform to those spe&ed in
type tests by the Bureau of Aeronautics. The scale
errcrs are determined before and after the vibration
test. Each instrument is subjected to three hours
of tibration at a total amplitude of one-thirty-second
inch and one frequency, usually 1,500 vibrations per
minute. During the first hour no differential pressure
is applied. During the next two hours a pressure
corresponding to approximately one-half to two-thirds
full-scale reading (100 and 150 lmots for the Navy
standard 160 and 260 lmot instruments, respectively),
is applied. During the test the pointer of the instru-
ment should not oscillate more than about 1 per cent
of the maximum scale reading (2 and 3 Jmots, respec-
tively, for the Navy instruments mentioned above).
Also the average change in scale error due to vibra-
tion should not be more than one-half of 1 per cent of
the maximum-scale reading. Lastly, no screws or
other parts of the mechanism should be loosened by
the vibration.

(g) Seaaoning test.—This test and the drift test de-
scribed below furnish measures of the elastic qualities
of the diaphiagm or presswre element. The impor-
tance of properly seasoning diaphragms-that is, re-
ducing the internal stresws so that their characteris-
tic will not change with use-has been previously
discussedin the paragraph on the Metallic Diaphragm.

COMMITTEEFOE AORONA~CS

The ted consists simply. of 100 successive applica-
tions of differential prwsnres sufficient to cause full-
scale deflection. A scale-error test is made previous
to and not less than an hour after the pressure appli-
cations. The average change in scale error should
not exceed one-half of 1 per cent of the maximum
scale reading for instruments with properly seasoned
diaphragms.

(h) Drift test.-Drift is a phenomenon associated
with elastic after working and manifests itself as an
increase in deflection of an elastic body under constant
load with time. Ii an air-speed indicator, drift would
be evidenced by m @crease in reading with time while
the indicator was subjectid to a ccnstant differential
pressure. An excessive drift indicates unsuitable
diaphragm material or poor design or workmanship
of the diaphragm capsule.

The test is made by subjecting the instrument to a
pressure causirg nearly full-scale deflection (usually
to an indication 10 miles less than the maximum) for
one hour. The reading during this time shotid not
‘increase by more than two-thirds of 1 per cent. An
interval of at least one hour should follow before any
other teds me made.

(i) Temperature tests,—The change in reading of an
air-speed indicator due to a change in temperature is
partly caused by changes in the elastic moduli of the
diaphragm material and partly by changes in the
dimensions of the mechanism re@ting from the linear
expansion of its parts. By proper design the tiect
of hear expansion on the mechanism can be reduced
to a negligible amount. In an uncompensai%d instru-
ment, therefore, the change in calibration due to tem-
perature variations is almost wholly the result of the
change of the elastic modnli of the diaphragm material,
and &e effect of this can be predicted with a fair de-
gree of approximation. Several methods of compensa-
tion have been used, none of which are entirely
satisfactory, as evidenced by changes in design from
time to time. One method consists of mounting the
diaphragms on a boss of a metal with dkimilar tem-
perature characteristics. The differential expansion of
diaphragm and boss changes the form of the dirL-
phragm and therefore its loaddeflection curve. This
method has not proved satisfactory, up to the present
time at least, since the form of the calibration curve is
changed and also an excessive zero shift may result.
A more successful method is to introduce a bimetallic .
element into the mechanism. J?orexample, the longer
lever arm of the bell crank maybe made of a bimetallic
strip. The curvature of the bimetallic arm with tem-
perature variations is utilized to change the multiply-
ing ratio of the mechanism in the amount required.

The tests required are scale-emor tests at minus 35°
C. and plus 45° C., in order. The average change in
scale reading should not exceed 1 per cent of the maxim-
um scale reading.
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The error in the reading of an indicator caused by (indicated on the graph) will be very neaxly equal to
the change with temperat&e of the elastic moduli of AVJV. From the graph,
the diaphragm material can be calculated approxi-
mately. 11’orthis purpose it is sticiently accurate to $=+~=o.017
assume that the relation between the differential
pressure, P, and the reading of the indicator, V, is which should be equal to
giV811 by

P=%pv’=m (10) 0.00022’= (0.0002) (76) = 0.015

34
Also, the deflection, D, of the diaphragm element

!
4b

may be taken as proportional to the differential ,C 2
pressure and inversely proportional to Young’s $ ~ +!45T . — — — —

—- C -. <_-
rnoduhs, E, of the diaphragm material; that “is, ~

T
-31%’- ~, J

?-2

D=ap.; - (11) &4
* R
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Combining these
the deflection and

Readiq ofitiicutcrh knois,V
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tie indicrition is found to be

W= c/E (12)
It may be concluded, therefore, that the temperature
errors of this instrument are due solely to the tiect

c... t
I of temperature on the elastic proper&of the dia-

where c is a ccmsttiu.
Hencej

2VAV5 ‘C% (13)

where AV represents the change in V due to a small
change AE in E. Dividing equation (13) by equation
(12), we find

(14]

The temperature coefficient n of Young’s modulus is
deiined aa

IAE——
‘=E AT (15)

in which AT is the change in temperature. By sub-
stitution equation (14) becomes

AV nAT
T--T (16)

This shows that the proportional change in indication
due to change in the elastic modulus is proportiomd
to one-half of the temperature coefficient.

For diaphragms made of the usuril materials, tie
temperature coefficient of Young’s modulus is about
-0.0004 per degree centigrade.
Equation (16) then reduces to

@eference 31.)

AV
~= +0.002AT

where AT is in degrees centigrade.
It will be of interest to compare

data obtained from instrument tests.
the scale errors at two temperatures
speed indicator which passed the specifications of the
Bureau of Aeronautic of the Navy Department. As
the slopes of the curves are small, the ratio &?

this real.dt with
I?igure34 showw
of a typical air-

phragm capsule.
k Figure 35 are given the scale-error curvw for an

instrument which did not meet spedications. The

AV .
vfilue of — m this ca9e i9v ~. =0.060 which is to be

compared with the computed value, of 0.015. It is
evident that the design of the instrument is faulty.
The most probable source of an excessive temperature
error of ti type is a differential exption of the part9
of the mechanism such that the shape and thereby
the prewnm-deflection relation of the diaphragm is
changed or that the position of the diaphragm at zero
pressure is changed so as to affect the action of the
multiplying mechanism.
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AIR-SPEED METEM OF THE MECHANICAL TYPE

OPERATINGELEMENTS

A.CLMSIFICATIONOF TYPES

The second clam of air~eed metem includes those
instrunmnta in which the motion of the air strem is
utilized directly in operating some mechanical device.
Both on the basis of design principles and of practical
value, this class must be subdivided into two groups
of quite dhi.milar characteristics.
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The &t and most important group includes all
instruments having .an element which is set into
rotation by the air stream. The name anemometer
is frequently used in the restricted sense for these
instruments. The axis of rotation of the element
may be perpendicuhm to the direction of the air
stream, as in the Robinson cup anemometer, or it
may be parallel to the direction of the air stre-,
as in the vane or windmill form of anemometer.
The unique value of these anemometers lies in the
fact that, under certsh conditions easily determin-
able, their indications are practically independent of
air density and hence are directly proportional to the
true air speed. u.!

In the second group are instruments with a member
or element which is deflected against a redmhing
spring (or gravity) by the direct impact of the moving
air. Mmy of the very earliest forms of aircraft
air-speed meters -wereof this type.-: They are usually

R———
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lmown as pressure-plate instienta. The Robinson
cup or the vane amemometarmay be converted into
a deflection inshument by restraining the motion of
the element by a spring. Such instrument axelmown
as bridledanmmneters.

The vane or propeller ty-pe anemometer is used on
airplanes only h measure the air speed9 in the lower
apeed range (beIow 40 miles per hour) in which it is
diiiicult to measure the pressure developed by a Pitot-
static tube, amdthen only in flight testing or for some
special purpose. This type of instrument is especially
useful on powered lighter-than-air craft both because
of the lower speeds at which they can be operated and
the fact that the indicated speed is practically inde-
pendent of air density.

The cup anemometer and the pressure-plate insti-
ment are at present but little used on aircraft. The
design of the latter type of instrument is usually such
as to give only a qualitative indication.

cOmQ?m?13EFOR AERONA~Cf3

R THE VANE ANEMOMETBlt

GDmmu REMARKS

In any discussion of the vane fmemometer two cases
must be sharply dis@y.ished. In the first case there
are no forces opposing the rotation of the vanes. Prac-
tically this condition can not be completely realimd,
but it can be very closely approximated if the bearing
friction is reduced to a very low value and if the ane-
mometer is not required to do any work such as driving
a mechanism. In the second case there exists a resisb
ing torque. The greater part of this torque is due to
some mechanism driven by the anemometer. The
bearings under these conditions must necessarily be
more rugged and consequently their frictional resis~
ante will be greater.

THEORYor mm Vm hE~O~~TER

The following theoretical treatment of the vane
anemometer is due to Ower and Duncan (references 21,
79, and 81), whose papem should be consulted for a
more detailed presentation. The ideal anemometer
to which the discussion appliea is made up of two or
more thin vanes set symmetrically around the axis of
rotation. At any section of a vane taken parallel to
the axis of rotation, the tangent of the angle between
the vane element and the ~ is proportional to the
distance of the section from the axis. It is assumed
that the direction of the air stream is parallel to the
ti of rotation.

(a) Case 1, Zero resisting torque,—It is evident that
the anemometer will rotate without slip and therefore
the relative wind will be directed along the vane.
Referring to I?igure 36, RR is the b of rotation and
&l is a section of one vane by a plane parallel to the
ti at a distance r.
Let 0= angle between vane element and a line pardel

to the axis.
n= number of vanes.

iV= number of revolutions in unit time.
a = angular veloci~ at section AA.
V=Wind speed.
u=peripheral speed at section AA.

V~ =relative wind speed at section AA.
Then from the figure it is evident that

l)=@r=2flN
and

O=vtane
so that

V=2~riVcot0
But

2ti d e=p,

wherep is the pitch of the vane.

Hence
v=pN (17)
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Accordingly, for this case, the number of revolutions
in unit time is directly proportional to the air speed, or
in other words, the total number of revolutions in any
given time is directly proportional to the air &tsnce
traveled. This result is independent of the air den-
sity. The graph for equation (17), a straight line
passing through the o&in, is represented by curve I
in Fiie 37.

~CUJItE37.-TYPidrd2tfOIMb13tWFX3Uv811J@and
afrqwxl. Cnrve Ifs foravanewith~
turqrlq Orlrv@ rf flktmtO the ralathn fora vane
withardstfngtnrqne

(b) (Yase II, Resis~ torque not zero.—h this
case the section fi of a vane, I?igure 38, is taken
through the center of pressure of the vane, which with
sufficient precision may be aemuned to coincide with
the geometrical center. Since the anemometer ro-
tates with slip, the resultant wind VB will make an
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angle ~ with the vane element. The resulting wind
force ~ will be at an angle ~ with the normal iV to the
resultant wind. Aesuming the equivikmce of the
vane to a flat plate, the value of y as a function oi
# maybe determined horn the results of wind-tunnel
teatson flat plates.

On the bask of such experimental results, the result-
mt force .Fon the vane in a steady air strewn may b~
mitten

F= k$ApVJ (18)
rhere k= a coefficient, known when @is known.

~= area of the vane.
p= air density.

[t is assumed that there is no mutual interference
between the blades, that the slowing up of the air
mtering the vane circle maybe disregarded, and that.
#is sticiently small so that it maybe taken equal to
tan @

The component of Fin the direction of rotation of
bhevane (o in fig. 38) times T, the radius of the center
]f pressure is the torque 2’. Hence, since there arer
mvanes,

Z’=mk@ArpVE2cos(6– @+7)

md substituting (W+ d) for VB2

z’=mkl#LATp(v2+u2)cos(e-(#)+’y) (19}

Also, from the velocity triangle, it is found that

O=vtan (e–~) (20)

The relatioh between vane speed o and air speed V
at one air density for a typical anemometer is given
as curve II in l?igure 37. The upper portion of the
curve is practically a straight line which very nearly
passes through the origin if extended. At the lower
portion of the curve, the frictional torque is no longer
negligible and the curve bends downward and inter- -
sects the horizontal axis. The point of intersection
corresponds to the lowest air speed at which the
anemometer will rotate.

Since the angle 0 is a constant of the instrument
which can be measured, the angle @ can be determined
from equation (20) and the curve of v against V. It
is seen that @= o at the air speed Vo when the vane
speed v is just zero, that @is large compared to 0 at air
speeds just greater than Vo, and that, for the straight
line portion of the curve, #is small compared with 13.

To compute the frictional resisting torque T from
the above equations it is further necessary to know the
values of k and 7 as functions of ~. These are ob-
tained from the redts of wind-tunnel tests on flat
plates. (See reference 21 or 79 for details.)

D~sI~ Emcxc

When instrument of this type are to be used on
aircraft it is necessary to cormiderthe effect of change
in air density. Ower and Duncan (reference 81) have
shown that if air speeds at two densities are chosen
for a given anemometer so that the torques 2’ me
equal, it follows that the @e @ is the same in the
two cases and that the values k and y are also equal
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sincethey are functions of $ only. At air densities
PIand paand air speeds VI and V, the torques equal

T*=mk,@,AY’p, v,’+ %’) 00s e– @,+’yJ
[ [T’ wn.k21#gi4.rwV“+ q’) COS O– ~+’y2)

When TI= T’, then ~ u A, itl=k’, and

P1(V12+ u?) =P2(V2’+ T&) (21)

I?rom equations (2o) and (21) it follows that

(22)

These equations can be used to obtain the air speed-
vane speed relation at any density ~ if the relation is
known at densi~ px. The general procedure will be
described after considering the case where a straight
line relation mists between the two speeds.

The straight line portion of a curve of the vane
speed u against the air speed V (curve II Figure 37)
can be represented by the equation

V=p+qv

in which v and Q are ccnstanta. For a calibration at
density p; the s&ight line portion of

fi =pl + ql’?l

and for density p2

%!-P2+ @v2

Substituting for 01and VI in equation
from equation (22) there is obtained

the curve is
(23)

(24)

(23) the values

(25)

horn which it follows that

q2= !3

Thus if the relation between o and V is known at
one air density, the straight line portion of the curve
can be easily obtained for other values of the density
by means of equations (23) and (25). To cany this
out graphically, extend the straight line of the lmown
WV relation at density pl so as to obtain the intercept
PI o~ the V-m&; For density pz the intercept is

PI
d

; and the straight line part of the curve is a line

through this intercept, parallel to the one for
density pl.

For the nonlinear portion of the curve at low speeds
the effect of chsmgein air densi@ must be determined
by the general relations given in equation (22). The
values at low speeds so detetied are of somewhat
uncertain accuracy since it has not been definitely
established that all of the WlllIlptiOIIS underlying

equation (22) are valid at such speeds. However,
for practical purposes, in aeronautic at least, the
curve so determined is useful in order to show the
lower limit of the speed to which the linear relation
b&wem air speed and vane speed extends. An
inspection of equation (22) shows that

(26)

(27)

From equation (26) it follows that a straight line
through the origin of coordinates and a particular
value of q also pawes through %. Further, since the
slopes of the lines determined by equations (26) and
(27) are the same for corresponding valuea of u
and VI, this line also passes through Vs. Computing
a or V2, using either equations (26) or (27), then fixes
their position on the line. b a -m mmmer, corre-
sponding valuca of% and Vs are determined for other
corresponding values of ti and VI.

Curve II, Figure 37 for density A, (=0.6 pJ was
comtructed in the manner just outlined.

Since the calibration curve depends on the friction
in the instrument, each instrunmnt must be individu-
ally calibrated. As the friction may change with
time, due to aging of the lubrication or wear in the
bearings, repeated calibrations may be required at
intervals. The vane anemometer is ordinarily used
as an aircraft instrument only within the range for
which the calibration curve is linear.

0. BOBINSON CUP ANEMOMETER

Since 1S46when the cup anemometer was developed
by Robinson as an instrument for measuring wind
speed, it has been the subject of continued and exten-
sive research. This interest has been due to the fact
that the cup anemometer, since its inception, has been
the standard instrument for meteorological observa-
tion. Dwpite all efforts, only a limited success has
been attained in developing the theory of the anemom-
eter, for the Ccmplexi@ of the problem has prevented
a complete solution. The torque required to set the
anemometer in rotation is furnished by the greater
resistance of the cups with concave facea toward the
wind than those with convex faces toward the wind.
As the anemometer rotates the cups are continually
changing their orientation with respect to the wind
EOthat the torque on any given cup, and on the
instrument as a whole, is continually varying, On
B single cup the torque varies irregularly between a ‘
maximum positive value and a minimum negative
value in each revolution. The relative velocity variea
born the inner to the outer edge of the cup, disturb-
mces are set up by each cup and its arm which change
the forces on the other cups, frictional resistances
fleet the motion, and at high rotational speeds the



supporting system may be deformed by the stresses
set up so that the shape of the anemometer is changed.
Accordingly, it has been found necessary to determine
by calibration the characteristic of each form and
size of cup anemometer. Even so, appreciable &f-.
ferencea in performance maybe found for insizumenti
Of the same design sad size if there is any considerable
difTersnce in friction.

References to some of the more important papem on
the Robinson cup anemometer are given in the bibliog-
raphy. Attention is directed particularly to the re-
cent work of Patterson (reference 78) in Canada, and
Fergusaon and Covert (reference 76) in the United
States on the three-cup anemometer.

The ratio of the air speed V to the hear speed o of
the cup centem of a Robinson cup anemometer is
known as the anemometer factor j. Obviously it is
desirable to make the factor a constant, if possible, so
that

v+ v (28)

The calibration curve would then be a stiaight line
passing through the origin, as curve I in Figure 38.

Conceivably an anemometer with constant factor
might be constructed if the proper geometrical form
and dimensions could be ascertained and if the friction
could be made negligible. Actually, it has been found
that neither condition can be satisfied exactly. For
example, for four-cup instruments of certain propor-
tions, a relation of the form .

V=a+bv (29)
or

f= V/v= b+; (30)

is found by expetient. That is, the factor variea,
with the speed of the cups approaching the value 6
asymptdically as the speed attains large values. This
relation doss not hold for low air speeds. The calibra-
tion curve is similar to curve II in Figure 37, for the
vane anemometer with friction, but usually with a
curvature upward at low speed instead of downwsxd.

At the present time (1931) the three-cup form of
anemometer, whose design is based on the work of
Patterson and Fergusson, is used by the Weather
Services of the United States and Canada, while in
Europe the four-cup form is used. In aircraft only
the four-cup form has been used. The relative advan-
tage of the two forms as to degree of cmstancy of
factor j is debatable, but it appears that a constant
factor f is not obtained with either.

As an aircraft air-speed meter the cup anemometer
is less desirable than the vane type chiefly because it
is more diflicult to construct and its axis of rotation
is perpendicular to the air stream which leads to
difficulties in mounting on the aircraft. “
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Variation in air dtity causes a shift in the relation
between cup speed and air speed which may be repre-
sented by that shown in Figure 37, curve If for pl
and pa. W&e (referauce 73) has derived a relation
for the effect of dtity based on the asumption that .
the friction in the mechanism and the cosilicients of
wind resistance of the cups are independent of speed.
This gives a difbrence in the slope of the straight line
portion of the relation at two densities between cup
speed and air speed. The data obtained by Pinkerton
(reference 82a) on the effect of density on u anemom-
eter driving a magneto indicates a reduction of about
6 per cent in indication for a reduction in air density
to two-thirds of the normal value. The data are
iusuflicient to establish the validity of any theoretical
relation such as Wfie’s but they sustain the opinion,
however, that the effect for a cup anemometer driving
a revolution counter is of the same order of magnitude
as for the vue anemometer.

D. PFO?9SIJRE-PLATEINSTRUMENTS

In the early days of aviation the air speed indicator
commonly used consisted of a hinged, flat plati exposed
perpendicularly to the air stream. The force acting on
the plats was balanced by means of a spring and the
deflection of the plats used to indicate the air speed.
The difficulty of obtaining distant indication is the chief
reason for its disappearance from &planes. At the
present time, however, instruments of this type are
being used to some extent on glidem, since they are
reasonable in cost, sufficiently accurate for glider
operation and are more suitable than the Pitot-static
type inshmnent since indications can be obtained at -
much lower air speeds.

TRANS~G AND INDICATINGELEMENTS

A.GmwllALrumLQms

Cup and vme anemometers are essentially air logs:
that is, one revolution of such an anemometer corre-
sponds to a deiiniti travel of the anemometer in the
air stre~. For an ideal anemometer this travel or
distance per revolution is-a constant, while for a vane
fmemometsr with fkiction or a cup fmemometsr not
having a constant factor the travel is a function of the
air speed and also of the air density. If an air log is
desired, a revolution counter will serve as the indicator,
which preferably should be counected to the cup or
vane shaft through gearing so that the indication is
directly in mikw (or other units of distance) rather than
number of revolutions. Air logs for aircraft must be
distantAndicating since the cups or vanes must be
mounted in a position where they will not be ailected
by the propeller slip stremn, or aircrtit structure,
which ordinarily means some distance away from the
cockpit or cabin. Further, it is desirable that the
wind-driven elemant do as little work as possible in
order to reduce the effect of changea in air depsity.
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This requires the use of an out&de source of power for
operatirg the revolution counter or indicator.

k order to indicate air speed, an anemometer must
be connected with some form of tachometer or its
equivalent. The necessity for distant indication and
for drawing no power from the cups or vanes is the
same as for the airlogs. Although avariety of methods
have been used, mostly electrical in nature, distant-
indicating tachometers of a suitable type are diflicnlt
to design.

A number of air logs and air~peed indicators will
be described which differ ahnost entirely in the method
of obtaining distant indication. The choice of the
type of wind-driven element is largely based on the
relative ease in installation and simplicity in mechan-
ical design.

additional mile. A cam on the pointer shaft operatea
the counter ones every revolution; that is, every 100
mik. The weight of a typical installation is approxi-
mately 2.5 lbs.

The indication is given in true air milw; i. e., prac-
tically independent of air density since the amount of
work done by the vme is very small. It is, of course,
obvious that in order to obtain distance flown relative
to the ground the indication must be corrected for the
eilect of the wind velocity. k addition to possible
scale errors, the indicated air miles may be in error due
to the fact that it is diflicult or impractical to install
the transmitter in a position where it is subjected to an
air stream undisturbed by the proximity of the air-
craft structure. This difficulty is common to all air
logs and air-speed instruments and has been dis-

,.._. .-. ———. .. . . .
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B.AIR LOGS

~IONEDR k LOG
.

The common form of the J?ioneerah log is &own in
Figure 39. The transmitter shown in the upper part
of the @ore is intended to be mounted at.a point where
the vane is operated by an air stream undisturbed by
the aircraft stmcture. The indicator is mounted on
the instrument pimel. Its pointer indicates in air
miles and the counter in hundreds of air miles. The
reading is obtained by adding the indication of the
counter to that of the pointer.

b operation, the suction produced by the Venturi
tube normally holds a piston in a cylinder in the
indicator down against a compressed spring. The
rotation of the vanw of the instrument opens a valve
through suitable reduction gearing at intervals of 1
air ruile. The opening of the valve relieves the suction
and thus the spring causea the piston to move upward
which, through a lever system and pawl, causes a gear
to move one tooth and thus the pointer to indicate 1

cussed in the section on the “Design of Pito&strdic
pressure heads for aircraft. ” The best solution is in
general to calibrate the instrument in flight for each
particular type of installation.

At low air speeds such as are obtained in airships
the Venturi does not develop sni%cient suction. The
air log has been modified for this case so that electrical
instead of pneumatic transrniasion is used. In this
form of the instrument the vane makca an electrical
contact every air mile by means of suitable reduction
gearing. When the contact is made, a solenoid in the
indicator is energized which forces a gear forward one
tooth by means of a pawl. The pointer or revolution
counter giving the indication is operated by this gear,
This type of instrument is not self-contained since it
requires the use of a battery.

B~R & f%rtour) Am LOG

This instrument, although strictly an air log (since
time must also be measured in order to obtain the air
speed) is designed for use in measuring the air speed



AIRCRAXCSPEEDINSTRUMENTS 419

of aircraft during tests at speeds below- that at which
the use of the Pitot-static tube is possible. The instru-
ment is shown in Figure 40 and is of substantially the
same design as that developed by H. L. Stevens and
D, A. Jones of the Royal Aircraft Establishment.
@eference 25.) The instrument is of the suspended
head type. Distant indication is secured electrically by
means of a revolution counter operated by a solenoid.
By means of a 20 to 1 reduction gear an electrical
contact is made at the head at intervals of 20 revolu-
tions of the windmill or vanes. The head is kept into
the wind by a 6-inch ring and cross vanw.

ph-mes. The disadvantages of this type of instrument
in comparison with the PitO&static or Venturi instru-
ment are obvious. Ordinarily the “indicated” and
not true air speed is desired in the operation of air-
planes and further the dial is of necessity integral with
the instrument and hence is out on a strut at some
distance away from the pilot, out of his direct line of
vision, and diflicult to read under many circumstances.

I?or use in measuring true air speeds at low speeda
this design is not desirable since true ti speed is not
indicated under all conditions on account of the varia-
tion in the power required to operate the tachometer.

.—-.

Teds made on this instrument illustrate a point
which is of importmce on all vane-me instruments
when used in aircraft. The instrunmntwas tested in a
wind tunnel at two temperatures differing by 26° C.
and was found to have practically no change in the
number of contacts per minute at an air speed of 40
miles per hour but had about 3 per cant lW at 30 and
7 per cent less at 20 miles per hour at the lower tem-
perature. This difference is most probably due to
congealing of the lubricating oil, and not to the
difference in the air density as in this case the number
of contacts per minute would have been increased at
the lower temperature.

C. CENTRIFUGALTYPE

Examples of this type in which the wind-driven
element operate9 a centrifugal mechanism are more or
lcaa obsolescent. In the Morell instrument (refer-
ences 6 and 8) the centrifugal element is directly
driven by a four-cup anemometer, and in the Horn
instrument, by a propeller. The completi instrument
forms an inte.gd unit. The Morell air-speed meter
was used prior to about 1922 to a very considerable
extent in Germany as a service instrument on air-

D. COMMUTATORTYPE9-

COMMUTATOR-CONDENSER Tren

J-nthis instrunmnt the indication depends essentially
upon the rate of charge and discharge of an electrical
condenser through a milliammeter. The rate is con-
trolled by means of a commutator rotated by a pro-
peller in the air stream. The instrument is of the
suspended head type, that is, the propeller, commutator,
and condenser are installed in, or attached to, a stream-
lined body arranged to be lowered into a region of air
which is undisturbed by the aircraft.

It is perhaps interesting to note that Robinson cups
were used as the windmill in the fit model of this
instrument constructed at the Bureau of Standards.
@teference 80.)

The wiring diaggam of the latest model of this type
of sir-speed meter constructed by the Bureau of Stand-
ards for the Bureau of Aeronautics of the Navy De-
partment for use on the airship Los Angeles is shown in
Figure 41. The instrument consists essentially of a
battery, an indicator, and an electrical condenser
E, all electrically connected in series. The commuta-
tor reverses the polarity of the mica condenser eight
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times per revolution of the vane, the entire resulting
chaqgeand discharge passing through the milliammetar
which serves as the indicator. The mazda lamps M
and resistances B and C form an automatic voltage
regulator. Reaistmce A serves to adjust for the proper
voltage, the indication of which is obtained on the
indicafxmwhen the switch is in the “check” position.
Resistance D is added to bring the voltage indication
withinthe range of the indicator.

Current

~-

1
I

I
I
I
I
I
I
~

I
I

I
I
I

--f&==s--
+

B
. 9

A c

M 4

‘d‘L

I
I
I
I
I

,.1“
I
I
I
I
I
I
I
I
I
I
I

i-—————— ——.————— .—————— ———d

BIGURE41.-DIawaro of ekctrfcd cnnrdiom of suqmndwl mmmutetnmmdemor
typ3~moter

A view of a ccmplete-instrument is shown in I?igure
42. The suspended head contains the condenser as
well as the vane and commutator. The head is held
by a cable which is attached to a reel provided wifi
a brake and holding pin. The cable also contains the
two electrical wires connecting the suspended head
to the indicator and battery. The other parts except
the battery are contained in the indicator box.

The automatic voltage regulatmris of some interest.
It is seen in Figure 41 that we regulatir is a network
composed of two tungsten lamps and two rwistances.
The resistama characteristic of the tungsten iilament
lamps is taken advantage of in a unique way. In one
particular arrangement, the output voltage was 5
volts plus or minus 1.2 percent for a variation in input
voltage km 9 to 15 volt-s. The output voltage is low
at 9 volts input, goes to a maximum at 12 volt9 input,
and is low again at 15 volts input. The variation in
output voltage is proportional to the square of the

range in input voltage, thus for a range of 10.5 to 1345
volts the output would have a variation of plus or
minus 0.3 per cent. The power efficiency, defined as
the power output divided by power input, is very low
in the circuits thus far devised, not exceeding 2 per
cent. It has been possible to raise the ratio of output
to input voltage by the use of nickel filament ballast
resistances, but unfortunately the change caused a
sharper top on the curve of output against input
voltage.

Since the contact rcsktmce at the brushes may
vary, the effect on the indication of changea in resis~
ante in the circuit is of importance. Neglecting the
inductance in the circuit, which is largely due to that
of the moving coil in the indicator, the charge passing
through the indicator as the ‘commutator revolves
from segment to segment is given by the well-lmom
expressionfor the flow of electric charge in an electrical
circuit containing a capacity and a resistance. This is

(31)

inwhich q is the charge transferred in the circuit in the
time t, O is the capacity of the condenser, r is the re-
sistance in the circuit, and E is the voltage applied at
the instant from which time t starts. If tisthe time
interval of contact on the commutator, q is the charge
passing through the indicator per contact. It should
be noted that the effective voltage, E, applied to the
condenser is twice the voltage output of the regulator,
as the polarity of the condenser is changed from com-
plete charge in one direction to complete charge in the
opposite direction. Equation (31) shows that if the
quantity of charge tramfemed through the indicator
per contact is to be practically the same for variations
in the time of contact twith the speed of the commu-

:
tatcr, e – G must be small. If this condition obtains
the calibration curve plotted between revolutions per
minute and milliampere will be practically a straight
line. It is important that even a small deviation from
the straight line should not be caused by variable
contact rc&tance, as this would cause a variable cali-
bration. It has been found possible to construct the
commutator so that its resistance dots not exceed 50
ohms as determined by actual measurements during a
250-hour duration test. k addition to this resie~
snce there is also in the circuit, 33 ohms in the moving
coil of the instrument and 100 ohms added resistance
to prevent sparking at the commutator when the
contact is made. The total circuit resistance is thus
[em than 200 Ohms. Assuming r-200, t= 2 X 10-3,
and 0=0.5 X 10+,

——
e ~=2xlo+.

If the resistance should increase ~ 760 ohms,

.
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t which the operating element in the wind stream
e -~= 0.006 and the indication would be one-half of 1 drives a commutator and the power for operating
percent low. It iseasilypossibleforcarbon brusheswith the indicator is furnished by a battery. In the de-
Iow-contact pressure on a silver commutator to develop sign due to Lavet-Berly and Fa=e-Bdle (reference 3)
a resistance as high as 4,OOOohms. Silver brushas on a the commutator is .of special design which changes
silver commutator have a tendency to streak a silver direct current into a current which is vktually three

_.—
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fi131JEE4f2.~ utator-cmdenwr ~ ~ meter. The real is shown k the upw Iefk the indkatm at ti UPP @k and the snsrended knd In the
Iomrpartoftheagore

deposit across the insulation shotiircuiting the com-
mutator. A combination of one silver brush and one
carbon brush running in the same track on the com-
mutator has eliminated both of these difficulties.

OTHERCO~ATOR TYPES

Two type-aof air-speed meters, other than the com-
mutator~ondenser type, have been constructed in

phase. This current drives a synchronous motor in
the indicator titj which in turn operates a centrif-
ugal mechtim similar to that in the Morell indi-
cator. As the windmill has to overcome the resistsmce
of at least four brushes bearing on the commutator
and a slip ring, two sets of Robinson cups are used to
hirnish the”power so as to ninimize the effect of
changes in air density. The indication is sensibly

.
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independent of changea in electrical resistmme at the
brushes, prcvided that there is sufficient power avail-
able to drive the motor and centrifugal mechaukn.

In the StavW-Lmg instrument the commutator
driven by the windmill cJoses am electric circuit once
“in eveg- revolution. The current actuates a solenoid
in the indicator, which by means of a pawl operatea a
chrcnometric tachometer mech~m. This adds up
-the number of contacts for uniform short-time inter-
vals, usually one second. The number of the contacts,
which is proportional to the speed, is indicated on the
dial of the instrument. This mechanism has been
extensively used for measuring the speed of aircraft
engines in which, of course, the commutator is directly
connected to the engine.

Neither the Favm-Bulle nor the Stcver-Lsng type
~f instrument has advanced much beyond the ex-
perimental stage. This is partly due to the small
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with an extreme pointer motion of 270° are available,
which may make this type of instrument a practical
possibility for use on aircraft.

F.FREQUENCYTYPE

h electrical frequency type air-speed meter was
constructed by the Bureau of Standards in 1926 foy the
Air Corps of the United States Army. The instrument
is show-nin Figure 43. The transmitter consists of a
permanent magnet type 3-phase alternating-current
generatcr. The indicator is designed so that the
alternating current produces a rotating magnetic field
which exerts a torque on an aluminum rotor. This
torque is balanced by a hairspring. The design has
the advantage of eliminating the use of the trouble-
some brush and commutator arrangement, but it
appears that an indicator of this @e has the inherent
disadvantage of requiring the use of a rotor which has

Fmvm 43-Fmquemy typeairspeed indicator

demand for a true air-speed indicator and partly due
to the relative complication of the design as compared
to other types.

E.?d.4~NET0TYPE

There is the possibtity of obtaining a distant indi-
cating air-speed meter by having the wind-driven
element operate a direct-current generator or magneto.
The voltage developed is proportional to the air speed
and is indicated on a suitable voltmeter. h addition
to the necessity of keeping the brush friction low, there
‘= the added disadvantage of the ebct of change in
the contact resistance between the brushes and com-
mutator. A circuit with a large amount of electrical
resistance must be used in order to minimize this effect,
and as a result a comparatively sensitive voltmeter is
required. This type of instrument has the advantage
aver the electrical indru.ments previously described in
that the use of a battery is not required. The magneti
instrument is being used at present to measure the
wind velocity at a number of meteorological stations.
The standard-type Robinmn cups are used to turn
the generator and a rather lsxge-size voltmeter is used
as the indicator. At the present time generators of
comparatively small size and weight and voltmeters

an excessive inertia ccmpared to
the operating torque obtained at
all but the very highmt air speeds.

G.RIISCELLANEOUSTYPES

One of the disadvantages of
moving surface instruments is the
difhmlty in measuring gusts owing
to their relatively large inertia.
A reduced time lag in the indica-
tion can be obtained by using a
pressure plate and spring combi-
nation having as high a natural
frequency as possible and at the
same time having the proper amount

of damping. An instrument of this type has been
constructed by Sherlock and Stout (reference 88)
for studying wind gusts of comparatively high velocity.
h ordar to obtain the indication, the motion of the
pressure plate variea the air gap in a magnetic circuit
in which the field is produced by an alternating cur-
rent. The resulting changes in current must be meas-
ured in an oscillograph in order to obtain the minimum
time lag, but as finally arranged a direct-current indi-
cating instrument -ma used, the alternating current
being tit rectied by means of copper-oxide rectifiers.

An interesting method of obtaining distant indication
of wind veloci~ was developed by Friez. A multiple
blade rotor consisting of 32 aluminum bladea is exposed
to the wind and is restrained from rotating more than
one revolution for the desired range of wind velocity
by means of a suitable helical spring. The transmitter
consists of a Selsyn motor arrangement. In order to
obtain an indication the well-known property of motors
of this type is utilized; i. e., that electrically connected
rotors move in synchronism. The Selsyn motor used
as the indicator is equipped with a dial graduated in
wind velocity and ita rotor with a pointer. It is dif&
cult to reduce fiction in the instrument so that its

.
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effect is not excessive, and further, the indication for a
given wind speed varies periodically with the direction
of the wind in angular steps equal to the angle between
two blades. In order to operate the instrument, alter-
nating current must be available, the motors ordinarily
available being designed for 110-volt, 60-cycle, single-
phase current.

THE HOT-WIRE ANEMOMETER

GENERALREMARKS

Since the hot%re memometer was iirst proposed
about 25 years ago by a number of invwtigators work-
ing independently, the instrument has been success-
fully applied to the measurement of slowly moving
air currents and fluctuations in the velocity which are
too rapid to measure by other devices owing to their
greater inertia. The ho&wire anemometer is ewen-
tirdly a research instrument. Its lack of ruggedness
and other characteristics bar it from consideration m
a service instrument on aircraft and even as a resemch
instrument H the differential pressure or moving sur-
fnce types of instruments are suited for the purpose.

THEORY

The rate of cooling of a heated wire in an”air stream
depends, among other things, upon the relative speed
of the air strewn and the wire, and hence the heated
wire may be used to measure this speed. The con-
vective cooling of wires has ‘been studied extensively,
in particular by L. V. King. @eferenccs 85, 87, and
88). As a result of his work, King derived two ap-
proximate formulas for the heat loss, the formulas
being valid for di.flerentspeed ranges. The following
notation will be used:

E-heat lost per unit length of wire
K= theWal conductivity of air
s=spectic heat of air
p= density of air
V= Speed of air stream
T= temperature difference between the wire

and the unheated air
r-radius of mire
~= Euler’s constant= 0.5771

Then King’s formulas are (a) for low speeds:

H’2TK&

where b=Ke’w(SpV)

and (b) for high speeds:

H= [K+2~-S~V)~T (33)

For values of Vr greater than 0.00935 cm9/sec.,accord-
ing to King, the high-speed formula is h be used, and
for smaller values the low-speed formula. Jf we as-
sume that the smallest wire which can be used on
aircraft has a radius of 0.0005 inch, then the critical

149900-3%2s

value of the velocity V is about one-sixth of a mile
per hour. Therefore the high-speed formula is the
only one which need be considered as far m aircraft
speeds are concerned. The speed V represents the
total speed of the air strem past the wire, neglecting
the deck of convection currents setup by the heated
wire itself. These convection currents need only be
considered when very low speeds are to be measured.

If we assumethat the speciiic heats and the thermal
conductivity K of the air are independent of sir tem-
perature and density, then equation (33) may be
written :

H=A+B G V)’p (34)

where A and B are constsats depending upon the tem-
perature difference T, the characteristics of the wire,
and physical properties of the air. This equation
brings out clemly one of the characteristics of the ho&
wire anemometer which is that the heat loss is a func-
tion of the product of the air density by the air speed.

METHODSOF ~ASUREMENT

There are a number of methods of measurement
which may be used with the hot-wire anemometer.
In one of the simplest methods, the electical resisk
ante, and therefore the temperature of the wire, is ‘
maintained constant by means of a Whetstone bridge,
and the consequaut variations in the current furnish
the measure of air speed. The essentials of the elec-
trical circuit are shown in Figure 44 A. The hot wire,
H, is connected as one arm of a Whetstone bridge, the
other three arms of which are adjusi%d so that the
bridge is bakmced when the resistsmce (temperature)
of the-wire is at the desired value at zero air speed.
Any change in the air speed will change the tempera-
ture and hence the resistsm.e of the hot wire and the
chmge in current required to again balance the bridge
is the measure of the airspeed. The change in current
may be measured by an mmneter in series or a high-
resistsme voltmeter in parallel with the wire, or by
the measurement of the current in the externsllcircuit
as shown in Figure 44A. The accuracy can be greatly
increased by using a potentiometer in the manner
dwcribed by Simmons and Bailey. @ference 97
and 98.) II i is the current necessary to maintain a
constant wire temperature, then as the resistsmce is
constant in this method, equation (34) reduces to

Z%=KI+KS (p V)’~ (36)

since the heat loss is proportional to the square of the
current. Putting & equal to the current neces9ary to
maintain the temperature when V= O, then G2=K1
and hence,

z%=&a+Kz @ V)l~ (36)

Ii this formula&& readily measured, and a second
measurement at a lmown air speed V will furnish. all
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the data needed to determine the value of the con-
stant K2. Note that the current i, and therefore the
deflection of the indicator is proportional to the fourth
root of the air speed. The result is that the scale ti
very much compressed at the upper end.

In the second, or Constanbvoltage method (often
erroneously called constan&current method) the hot
wire also forms one arm of a Wheatdone bridge with a
constant voltage impressed upon the bridge. The
circuit is essentkdly the same as that &own in Figure
44 A except that the indicator I is omitted and an
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indicatm for checking the applied voltage must be
provided. At zerb air speed the bridge is balanced.
Any change in the forced convection changes the tem-
perature of the wire and throws the bridge out of
balance. The “out of balance” current is a measure
of the sir speed.

l@guenard, Magnan, and Phmiol (rSfOrSnCef394and
96) have developed a hotmire anemometer for meas-
uring wind velociti= based on the electrical circuit
shown in I?igure 44 B. The hot wire His axposed to
the wind stream while the gahmometer @is shunted
by a shielded he platinum wire ~. When 1’ is ex-
posed to air of zero velocity, the voltages B1 and Ba are
adjusted so that no current flows through 6’. The
resistance B is large compared with the resistance of 6’

so that the current in S due to voltage Bz is substan-
tially constant. When His exposed in an air stream
its temperature falls, and therefore its resistance de-
creases and the electric current increases. At the
same time the additional current heata the wire ~, in-
creasing its reaistmce and thus shunts proportionally
more of the current through the galvanometersG than
that due to the change in air speed. The advantage .
of this method of measurement is that if H, S, Bl, and
B, are properly chosen, the current through @is ap-
proximately proportional to the air speed instead of
the 4th root of the air speed. Au evenly divided air-
speed scale is thus obtained.

Dryden and Kuethe (references 99 and 100) used the
circuit shown in I?igure 44 C in order to measure the
integrated fluctuations in air speed in a wind tunnel in
the frequency range 1 to 100 cycles per second. The
hot wire is at Hin the figure and has a resistance which
is small compared to that of the red of the circuit so
that the current throug% it is very nearly constant at
all speeds. The potential drop across the iixed re-
sistuwe’ l? is measured by a potentiometer and serves
to control the current in the circuit. The alternating
change in potential across the hot wire due h variations
from the mean wind speed is ampli.fd by a rcsistanc~
coupled amplifierand finally measuredby an alternating
current milliammeter. This current is proportional to
the square root of the mean square deviation of the
resistance from its mean value. The amplitude of the
tie curve of resistmme giving the same square root
of the mean square value was computad and converted
h amplitude of fluctuation in air speed by means of a
calibration curve of electrical resistance against air
speed. The parts of the circuit not shown axe de-
mribed in reference 99.

SOURCESOF ERROR

tie inherent defect of hot-wire anemometers is the
progressive change or aging of the wire which neces-
sitates frequent recalibration. This defect is very
troublesome in many cases. The aging dependa upon
the matarial of the wire, its dimensions, and the
temperature at which it is used. Satisfactory mate-
rials are platinum, nickel, and gilded iron. Plutinum
baa been used more extensively than other materials
tics it is practically unaffected by atmospheric con-
ditions even at high temperatuma. Nickel in a pure
!orm is suitable for lower temperatures. The puri~
~ppearsto be an important consideration. Thorough
mnealing is necessary.

The effect of aging is greater for tie wirm. How-
wer, the fundamental advantage of the hot wire in
neamring air’speed is its comparatively low lag which
lasledtoitsuseinm wuri.ng wind speed and to
Iuctuations in air speed in wind tunnels as described
~bove. The lag decreases with decrease in the diam-
~terof the wire, which has required in the latter case
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at least thmt the wire diameter be as small as prac-
ticable (0.0007 inch). The necessity of low lag means
a maximum aging effect. It is of interest to note that
welding the wire to the support, instead of soldering,
greatly reduces the variation in the calibration with
time. (Referenw3 100.)

Since the heat loss of the hot wire depends upon
the difl?erenu between the temperature of the air and
tho hot wire, equation (33), it is obvious that the effect
of variation “in the air temperature is minimized by
using high wire temperatures. This method of cor-
rection is objectionable since suf6ciently high wire
bmperaturea greatly increase the aging effect and
also increase the free-convection currents which is
undesirable. It is feasible and preferable to provide
compensation in the electrical circuit. @teferencea
21 and. 98.) Wme temperature in the range 150° to
600° C. appear to be the most satisfactory.
‘ It is seen by refeming to equation (33) that the

indication of the hot-wire anemometer is also a func-
tion of the air density. Changes in sir density from
that at the calibration require the application of- a
correction. No means of compensating for changes
in air density have been developed as yet.

(HtOUMD-SPEEDMETEES

INTRODUCTION
A.APPLICATIONS OF GFtOUND-SPEED MEASUEBMENT

The speed 1 of an aircraft measured relative to the
earth’s surface is called its ground speed. The ground
speed may be measured horn fixed stations on the
ground or by means of instruments carried on the air-
craft itself. The determination of ground speed from
ground stations finds limited application in connection
with flight tcatingj air racw, and military purposes
such as range tiding, etc. The methods amdiJMtru-
men~ which can be used on board aircraft are of prac-
tical importance in flight testing and in navigation.
The methods of measuring ground speed in flight
testing have been described previously with reference
to the calibration of air-speed meters. The, follofig
discussionwill be limited to the measurement of ground
speed on board aircraft for navigation purposes.

B. PFt~ENT STATUS

l?rom the standpoint of navigation, the subject of
ground-speed measurement is in a very unsatisfactory
state. This condition of aflairs is. due to the fact
that a genercd method, applicable under all or nearly
all circumstances, haa not yet been devised, and there
are no indications that the problem will be solved in
the near future. The methods in use Me not only
limited in application but are cumbersome and inac-
curate. Even in the case of the most commonly

1Note that the wc+d apecdh here rued to denotaa ecaler, and the ward SL40CBS
a Veetorqoentlty.

adopted methods, there is no general agreement
either as to the procedure to be followed or the instru-
mental equipment to be used. Although the ideal
ground-speed meter appears to be unattainable for
the present,-it is greatly to be desired that by common
agreement some procedure and instrumental equip-
ment be accepted ss staadmd to serve until something
markedly better cm be produced.

C.CLMSIFICATION OFINSTRUMENTSANDMETHODS

It is convenient to group the methods of ground-
speed measurement in two classea according as the
methods are dependent on ground visibility (optical
types of instmunents) or independent of ground
visibility (absoluti types). Each claw is further
divisible into indirect methods which require the
computation of ground speed from the results of
observations on other quantities, and methods per-
mitting the use of indicating instruments which show
the ground speed on a dial or scale as soon as the
observation is completad in the case of optical types,
or continuously in the case of absolute metem.

DESCZUFPIONOF INS7ZUJMENTS

A.OPTICALTTP=

~E~EW Rmmruw

Instruments falling under this classification are
bwed on two general methods. The first consists
waentially of means for determining the time of flight
over a known distance. The sngle of drift is usually
measured simultszmously. The second method, lmown
ss the wind-star method, is based on the solution of
the velocity triangle horn ‘tie anglea of drift on two
courses and the air speed. ‘

TIMINGME~OD, INDIRECT

(a) Theory.-The obvious procedure, which k very
useful on many occasions, is to measure the time of
flight between two points on the ground whose dis-
tance can be scaled from a map, and hence derive the
value of the average ground speed. It is evident
that a fairly long distance must be chosen in order
to reduce errors in scaling from the map. Therefore
the time of flight is appreciable so that both air speed
and wind speed may vary during the measurement
and considerable errors may result. In order to
reduce the time required to make an observation it
is necwaary to project a base line of known length
from the aircraft to the ground and measure the time
of flight over this baae line. In the case of an airship
such a baae’ line is projectid whenevar the sun is
bright enough to cast a sharp shadow of the airship
on the ground. Since the sun for ill practical pur-
poses is at an fite distance, the shadow will be
the same tie as the airship. Thus from the known
length of the shadow and the time required for it to
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pass a given point, the ground speed may be derived
as follows:

Iength of shadow (feet) ~ 3600
Ground speed (m.p.h.) = tie ~ seconds —5280
or

h of shadow (feet) ~ 3600
Ground speed (knots) ‘l*tie ~ seco=& —6080

The method which is generally followed in projec&
ing a base line may be illustrated as follows: Suppose
that A in Figure 45 represents a peep sight and B and
C two sighting beads mounted on a frame in an air-
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craft. The points A, B, Q lie in a vertical plane, and
for convenience it is assumed that the angle ABC is
a right angle, although this is not essential. It is
essential, however, that the points B and C lie in the
same horizontal plane. Let E and F be the points
on the ground determined by the projections of the
lines AB and AC, respectively. Then from the figure,
by similar triangles,

DH
-d-i-

and, hence,

D=j H (37)

The ratio ~ is fixed by the dimensions of the sighb

ing devics and the distance H is the altitude of the
airplane, which we may suppose cau be determined
by an altimeter, so that the timing distance’D is com-
pletely determined.

Obviously, the ratio
d
~ must vary for each altitude

H in order to provide a fied timing distance. The
ratio may be chsmged by varying either h or d. The

usual method in instruments is to make A (or 0)
movable and to provide a scale on A-B (or B(3) which
is graduakd directiy in altitude.

In order to obtain ground speed, the time t is ob-
served for the line of sight on an object on the ground
to change frcm M’ to AE. If G is the ground speed,

(37n)

It is essential to maintain a constant air speed while
measuring the time t.

(b) Instmruents.—Many instruments vmying in
design details have been based on this principle.
The Pioneer speed and drift meter shown in Figure
46 is a typical modem instrument. To meaeure
ground speed, the frame is fit turned so tht the
long wire is parallel to the track of the aircraft over
the ground. The @e between this wire and the
heading (fore-and-aft axis) of the aircraft is the drift
angle, which is also indicated by the instrument.
The movable slider carrying a cross wire is adjusted
to indicate the altitude of the aircraft so that the
backward drift of an object on the ground from the
front wire to the rear wire always corresponds to a
6xed distmce. The drift of a selectad object is
viewed in the eyepiece and time interval is measured
by a stop watch. The particular instrument here
shown is provided with two altitude scales, the one
in thousand feet giving a traverae of one mile, and the
other in hundred feet, a traverse of four-tenths mile.
Diwkl.ingWE distance by the time interval gives the
~und speed.

b other designa lateral compactmw has been ob-
tained by using lenses and mirrors so that observa-
tions can be made through a small hole in the bottom
]f the airplane and thus obviate the necessity of lean-
ng over the side. The instruments are in general
‘elatively bul& and heavy. See references 16 and 30
!or descriptions.

A motivation of the foregoing method, but iden-
ical in principle, has also been used. Referring again
;OI?igure 45, it is evident that

D=$H=Htan a (38)

rherefore we may replace the frame ABU by a tele-
cope pivoted about a horizontal axis through A and
ight first in the direction AO and then in the direction
4B. The angle of rotation a is measured on an arc
paduated in altitude units. Or, more conveniently
he telescope may be tied and a rotatable reflector
Jaced in front of its objective. An instrument of the
atter type for airship use, the Goerz-Boykow drift-
md-ground speed meter, is shown in Figure 47. In
lperation the instrument is adjusted for the drift rmd
, reflecting prism, rotatable by knob A, is set at a
~redetemninedangle. When a suitable object appeara
mthe field of view of the eyepiece E, the stop watch W
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is started and the prism reset to an angle dependent
on the initial setting. When ‘the object reappears
in the field of view, the stop watch is stopped.’ The
ground speed is obtained from the altitude of the air-
craft and the time interval with the aid of the computer
C. The instrument is inherently bulky and heavy.
See reference 16 for further details.

TI-G METHOD, INDICA~Q

(a) Theory,-Any instrument of the @pea de-
scribed in the previous section may be, and in many

across the field. bowing the rate of this “artificial
drift,” we can determine by timing when a given
distancs on the ground has passed a cromvire in the
telescope. If now the aircraft is moving, we observe
the resultant of the drift due to the ground speed of
the aircraft superimposed on the artificial drift. From
the rate and direction of this resultant and the arti-
ficial drift, ground speed can be determined.

Four special cases will be considered.
First, let the artificial drift be at right angles to the

ground-speed drift. Then if the magnitude of the

casea are, converted to the indicating type merely by
graduating the stop-watch dial in speed units. II
more than one length of base line is to be used, then
the stop watch must have a scale for each length of
base line.

b indicating instrument may also be obtained in
still another way. Suppose an aircraft is equipped
with a t&scope pointing vertically downward. If,
for the moment, we think of the aircraft as stationary
over a point on the ground, then by a suitable device
such as a rotating reflector or refractor, we can make
objects in the field of view of the telescope drift

artificial drift is adjusted until the direction of the
observed drift is at an angle of 45° with that of the
ground-speed drift, the artificial and ground-speed
drifts will be equal. Hence by attaching a properly
graduated tachometer to the mechanism producing
the artificial drift, an indication of ground speed may
be obtained.

Second, let the artificial drift be applied to one point
(any suitable marker fhed relative to the aircraft)
in the field of view and a means be provided for also
observing the ground-speed drift. Then the apparent
motion of this point may be made to coincide with the
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drift of any ground object due to the motion of the
aircraft and a tachometer connected to the mechanism
producing the artificial drift can be used to indicate
the ground speed.

As a third and perhaps more practical &e, suppose
that an artificial drift equal in magnitude but opposite
in direction to the ground-speed drift is produced in
the telescope. Then the resultant drift will be zero;
that is, objects seen on the ground will appear to stand

son, was developed by the Bure& of Standards for the
Army Air CQrps in 1924. @ference 80.) The arti-
ficial drift is obtained by rotating a hexagonal prism
about a horizontal axis at right anglea to the track.
The manner in which the drift is produced is shown in
Figure 48 in which All represents the ground below
the aircraft and A’B’ the image seen in the eyepiece.
The complete instrument is shown in Figure 49. The
hexagonal prism is driven by a motor and the speed of

‘\
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FIQUEE47.—G~Boykaw drift and @’cmndx Indicator

still. A tachometer, as before, suitably connected will I rotation measured bv a tachometer madutded in
indicate the ground-speed. “ -

In the fourth case, proposed by Gatty, the artificial
drift is kept constant in rate and a simple optical sys-
tem provided for obtaining equality of it and the
ground-speed drift. The details of the arrangement
are given below.

Obviously, some method of adjusting for the altitude
of the aircraft must be an integral part of any arti&ial-
drift instrument.

(b) Instruments.-An experimental instrument of
the third type, based on a suggestion by S. H. Auder-

ground-speed units. ~ gmr box and ass&iated mech-
anism form part of the instrument for the purpose of
adjusting the speed of the prism and correcting for the
altitude error by independently adjusting the speed of
the tachometer.

A similar instrument, except that rotating mirrors
areused instead of a rotating prism, has been suggested
by H. M. Sylvester.

In the Gatty instrument (reference 31rL) a peri-
scopic tie-w of the ground is obtained from the aircraft
by means of two prisms arranged as shown in Figure
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50. This obviates the necwsi~ of leaning over the The altitude error is undoubtedly the most trouble-
aide in order to make an observation. An endless some. Referring again to the formula for the speed
celluloid or transparent strip, shown in section at A dH
and B in Figure 50, is turned at a constant rate of Q“~~ (37 a)

~ and also equation (39) for the Gat@ instru-
ment, it is evident that any error in esti-
mating the altitude H of the aircraft leads

E to an error of equal relative magnitude in

B’
the ground speed. The altitude H is the
tapeline altitude or the vertical distance .

A of the aircraft above the surface of the
ground. This can be derived from the in-

~ dication of the ordinary aneroid altimeter
1

~OUEE 4S.-Prindple OfartiS@d ddft tYIM -d- ~df-

speed by clockwork. The upper half of this strip is
between the prism and the eye of the observer which is
at l?. The entire strip is marked by equally spaced
crosslines. The observation is made through a peep
hole 0 which is adjusted up or down until the arthicial
drift, produced by the moving strip, and the ground
speed drift are equal. A knowledge of the altitude of
the aircrrcft,the distance AC, and the horizontal speed
of the strip A then serves to give the ground speed.

The principle of operation is shown in Figure 51.
In order to neutralize the ground-speed drift (7by the
constant artificial drift S, the angular rate of drift as
viewed at C must be the same for both. H d is the
distance from 0 to the moving strip and H the altitude
of the aircraft, the ground speed G is given by the
relation,

Q=L;H (39)

In the arrangements so far produced the component
of the ground speed along the axis of the aircraft is
measured, and not the ground speed. By means of a
rotatable reticule the drift angle is also measured.
Knowing the measured component of ground speed
and the drift @e, the true ground speed may be
obtained from a table.

Equation (39) shows that for a given ground speed
the ratio H/d is a constant. A minimum value of d
is about 8 inches. If the minimum altitude at which
observations are to be made is 500 feet, d will be 16
inches at 1,000 feet and 24 inches at 1,500 feet. This
limitation may be met by having two or three speeds
for the moving strip.

SOURCES OF EnRoR m“!BmNG METHODS

The timing methods of detmminhg ground speed
are subject to &rom arisii from numerous sources,
some of which may be very large even under ordinary
conditions of flight.

n only approximately and the process requires
considerable computation. To perform the
computations requires a knowledge of the

altimeter characteristics, the setting of the. altimeter
and the barometric pressure at the point of depar-
ture, sad $he ground elevation under the aircraft or

FmuRE 49.—VL3WofmtiMid drifttyw ground- Imllcator

the barometric pressure at the ground. An addi-
tional wnmction for the deviation of the mean air tem-
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perature from the standard value must also be com-
puted and applied. Neccswuily the usual procedure
will be to make as good an estimate as possible on the
basis of the altimeter reading only. With a sonic
altimeter, or its equivalent, the procedure is simplified
since correction for the instrumental erroraof the alti-
meter itsdf is all that is necessary.

In addition to the altitude error, large errors may
arise on account of irregular movements of the air-
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craft during the observation, such M changes in the
air speed and deviationa from a straight-line course.
These appear to be a maximum when observing verti-
cally below the airplane. Errors due to the inshurnent
itself or the stop watch are negligible in comparison
to these two sources of error.

To summarize, the direct-timing methods are inher-
ently inaccurate chiefly on account of uncertainty in
the altitude of the aircraft.

WIND-STAR METHOD

(a) Theory.-If the air velocity (deil.nedby the true
air speed and the aircraft heading) and the wind
velocity (defined by the strength and direction of the
wind) are lmown, the velocity triangle can be solved
and the ground velocity determined. The fundamen-
tal diagram is shown in Figure 62A. Ordinarily the
wind veloci~ is not known, so that the method pri-
marily involves its determination and receives its name,
the wind-star method, tiom the procedure used in its
measurement. I?or this purpose observations of the
drift of the aircraft on two or more courses are in
general required.

Referring to Figure 52A, let a,, gl, and D1 represent
the air velocity, ground velocity, and drift angle,
respectively for the first course, and G, g~,and Dz the
same elements for the second course. If the wind
velocity is the same in each c~e, then the third side
of each velocity triangle is represented by the same
wind-speed vector, w. Then in the first triangle

d=~g+g?–%gl cos LA (40)

and in the second triangle

u+=G?+ g22– 2ajg, cm DX (41)

Since the directions of the vectors al and G are
known, the angle A is known, and hence

Q+ D,=A+Di
or

from which we obtain

m2=a#+aJ–2mG cos A

and eliminating m

a,’+~’–~~ cos A=g~+g#-2g~z cos G (42)

We have, therefore, three equations (4o), (41), and
{42) ta determine the three unknowns, w, 91, ~d &
h order to determine the wind direction with respeot
:0 the heading of the aircraft, (0 or A+ 0) in Figure
52B, a further computation must be made.

C=B+D, (43)
n which

sin B= %~~1
w

I’he wind velocity w beiug thus detemnined, the ground
relocity can be calculated for any desired air velocity.

Practically, the problem can be solved muoh moro
xmveniently by a graphical construction. First, we
ay off the air-velocity vector al, and after measuring
he drift D,, draw a line iUNof indeterminate length to
:epreaent the direction of the ground-velooity veotor
71. (Sm fig. 52C.) Then draw the air-velocity vector
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Q for the second course and the line mn in a similar
manner. The wind-velocity vector is then represented
by the Iine connecting the intersection P of the lines
i14iVand mn with the common origin of the vectcm m
and %. To obtain the proper heading for any desired
course, draw the line PQ in the proper direction to
represent the desired course. With radius a equal to
the air speed (true) to be flown, and center O, s-wingan
arc intersecting PQ at B. Then the direction of OR
gives the heading to be flown, and the length of PI?
gives the ground speed. In practice, the air speeds are
maintained constant on both courses, and the courses
difEerby about 90 degrees.

The above method of determining the wind velocity
can be further modiiied in order to eliminate the neces-
sity of flying off the course, provided the drift is not

true air speed, and a compass are avadable for deter-
mining ‘h velocity.)

Drift sights vary a great deal in details of construc-
tion, but all are designed to measure the angle between
the heading of the aircraft and the direction of drift of”
objects or an object on the ground. The principle is
illustrated in Figure 46.

Computers are available for determiningg graphically
the wind speed by the wind-star method (fig. 52C) and
the ground speed by means of the primary velocity
diagram (fig. 52A). In some forms of instruments the
drift eight, either recording or indicating, and the
graphical computer are combined. All of these instru-
ments are primarily navigation instruments and are
therefore not described in detail here. (See references
7 and 16.)

A
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zero. Observations of the air velocity% and the drift
angle D1 are obtained as just described. Then, the air
speed is changed, but the same aircraft heading is
retained, and -G and D~ are measured. A graph
similar to that shown in Figure 52C is obtained, except
that G and ~ coincide. The method is iriherently less
accurate owing to the smaller angle formed by the lines
mp and MT’ and thus the greater uncertainty in the
location of P. The difference in the air velocities al
and agmust be as large as possible. “

0) mes of instruments.—A number of varied in-
struments based on the wind%ar method have been
devised. The simplestinstrumental equipment consists
of a drift sight for measuring tho drift angles and a
plotting board or a computer for determiningg the wind
velocity and then the ground speed. at is assumed
that an air-speed indicator, a correction chart to obtain

(c) Sources of error.-The outstanding advantage of
the Wind-Star method, compared to the timing method,
is ita independence of the altitude of flight. The
troublesome and usually large errors due to incorrect
altitude estimation are thus completely wiped out.
Errors in measuring drift due to motion of the airp-
lane and errora in measuring the air velocity are the
same as for the other optical methods of measuring
ground speed. The disadvantages, as compared with
the other optical methods, are two. In the fit place,
the custmmrwynecemi@ of flying on two separate
courses results in some loss of time and is an annoy-
ance b both the pilot and navigator; secondly, a great
deal more computation is required in order to obtain
the ground speed. There is further the possibility of
a greater error due to variation in wind strength and
velocity on the two courses.
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On the whole, the advantage of the.method over-
balance its defects. It is regarded as the most wcu-
rate available means for de~g gro~d speed.

B.ABSOLUTE TYPES

The inherent limitation on all optical methods of
measuring ground speed is that ground visibility is
required. A number of ways of avoiding this limita-
tion have been proposed, but no satisfactory substi-
tute for the optical type of instrument has appeared.

Several indirect methods are used to a slight extent.
Position may be determined astronomically or by radio
bearings at successive intervals and the average ground
speed for each interval thus evaluated. Errors in
determining position, errors due to changes in the
wind, and the M3iculties of observation make these
methods impracticable except under unusual condi-
tions. A more useful procedure is to obtain. radio
reports of wind conditions and compute the ground
speed in the manner indicated in Figure 52A. This
method of obtaining wind velocity also has obvious
disadvantages.

As part of a system for the blind landing of aircraft
short distances &m a radio beacon are indicated by
mm.suring the drop in the plate current of a radio
receiving set equipped with automatic volume control
when fight is toward the beacon. (Reference 28.)
The rate of change in indication gives the ground
speed. This method may have a limited application.

Direct methods, involving the use of instruments
indicating ground speed continuously have not been
successful. Methods have been proposed depending
(a) upon the measurement of the time integral of the
fore-and-aft horizontal accelerations, (b) upon the elec-
tromotive force apparently obtained by cut&g the
vertical component of the earth’s magnetic field, and
(c) upon the distance determined by the interference
pattern of radio waves set up between two stations
transmitt@ at two diflerent frequencies. Many of
‘the arrangements which have been suggested am in-
genious, but thus far all have proved to be either
impractical or unsound theoretically.
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